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1.1 Bone growth 
Growth and development of long bones, bones of the skull, and the mandible 
are extensively described in many textbooks. They have many features in 
common. However, the scaffolds to which the bone tissues are deposited 
differ. In long bones, bone is deposited on the remnants of cartilaginous 
predecessors and this way of bone formation is called endochondral bone 
deposition, while the mandible and most of the cranial bones are directly 
deposited within a mesenchymal matrix, the intramembranous bone 
deposition. For the interpretation of experimental results, one has to be aware 
of the similarities and differences between these two types of bone. The main 
features of both types of bone formation are summarized in the next 
paragraphs. 
1.1.1 Long bones 
Long bones develop from a cartilaginous mould (Anlage). Around the shaft 
of this mould a bony collar develops by intramembranous bone deposition. 
Inside this collar the chondrocytes hypertrophy, followed by calcification of 
the extracellular matrix. When vascular mesenchym enters the cartilage 
through the bony collar, cartilage resorption and endochondral ossification 
start and proximal and distal ossification zones develop. In the remaining 
upper and lower ends of the bone, secondary ossification centres are formed 
via the way of chondrocyte hypertrophy and endochondral ossification. 
Expansion of these ossification centres replaces most of the epiphyseal 
cartilage, and once a juvenile long bone is established, the cartilage is 
restricted to the epiphyseal growth plates and the articular surfaces. Increase 
in length of the bone is achieved by means of cartilage growth in the 
epiphyseal plates. Each epiphyseal plate contains a zone of stem-cells, the 
germinative zone. From these stem-cells, columns of chondroblasts develop 
in the proliferation zone by repeated mitoses. The chondroblasts gradually 
hypertrophy and more matrix is deposited in the maturation zone. The 
chondrocytes degenerate and matrix mineralization occurs in the following 
zone, the hypertrophic zone. Finally, most of the matrix is resorbed and 
endochondral bone deposition by osteoblasts starts at the cartilage remnants in 
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the metaphyseal region. Later on the growth capacity of the long bone ceases, 
because the epiphyseal plates disappear, and only the articular cartilage 
remains. The diameter of the bone increases by periosteal bone deposition. 
For extensive reviews on the growth and development of long bones, see e.g. 
Bloom and Fawcett (1975) and Weiss (1988). 
1.1.2 Mandible 
The mandibular body is one of the derivatives of the first pharyngeal arch. 
Lateral to the cartilage of the arch, the Meckel's cartilage, mandibular 
ossification is initiated by differentiation of a mesenchymal blastema. This 
intramembranous bone formation expands rostrally and caudally. Parts of 
Meckel's cartilage give rise to two ear ossicles (the malleus and incus) and to 
the sphenomandibular ligament, but most of Meckel's cartilage disappears 
and does not participate in the development of the final mandible. From 
separate mesenchymal blastemas the condylar, coronoid and angular 
cartilages develop. The intramembranous bone of the mandibular body fuses 
with these cartilages. As the growth cartilages of the mandible initially are 
formed separately and fuse with the bone in a later stage of development, 
they are called "secondary cartilages". After fusion with the mandibular 
bone, condylar growth takes place by differentiation of cells of the 
proliferative zone of the condylar cartilage into chondroblasts. The 
chondroblasts in the mandibular condyle are scattered through the growth 
zone which is in contrast to the epiphyseal plates. They subsequently 
hypertrophy, matrix is deposited, and mineralization of the matrix starts. 
Later on matrix resorption and endochondral bone deposition are found. 
While the other cartilages disappear during growth, the articular condylar 
cartilage remains present even at later ages as growth has ceased, and it can 
be reactivated by growth hormone. For a more detailed description of the 
growth and development of the mandible, see e.g. Bhaskar (1953), Yuodelis 
(1966), Duterloo and Jansen (1969), Petrovic et al. (1975), Chong (1979), 
Van der Linden (1986), and Enlow (1990). 
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1.2 Regulation of bone growth and remodeling 
1.2.1 Intrinsic condylar growth capacity 
The mandibular condylar cartilage plays an important role in the regulation of 
mandibular growth. It develops separately from the mandible, suggesting an 
independent growth centre (Petrovic, 1972; McNamara, 1973; Petrovic et al., 
1975). However, it is controversial whether the mandibular condyle still has 
an intrinsic growth potential after fusion with the mandibular corpus like 
epiphyseal plates in long bones (Petrovic et al., 1975). Epiphyseal and 
condylar cartilages are different in morphological, biochemical and 
immunological respects (Durkin, 1972; Brigham et al., 1977; Shibata et al., 
1993). 
Transplantation experiments have given more insight into the intrinsic 
growth capacity of the condyle. Development of condylar cartilages ceases 
after intracerebral transplantation and the cartilage lacks the kind of 
independent growth potential exhibited by epiphyseal cartilage of long bones 
(Rönning, 1966; Koski, 1974). On the other hand, Duterloo (1967) and 
Meikle (1973) found that proliferative activity of the condyle is still present 
after transplantation to another functional environment. 
Initially it seemed to be impossible to grow condylar cartilage in tissue 
culture, and in case it survived, the mitotic activity of condylar chondroblasts 
decreased far more than that of epiphyseal cartilage cells in culture (Charlier 
and Petrovic, 1967; Petrovic, 1972; Petrovic et ai, 1975). Epiphyseal plates 
also showed mineralization in culture while condylar cartilages did much less. 
This indicated the importance of environmental factors in the regulation of 
condylar cartilage growth. Later on, Copray et al. (1983) succeeded in 
culturing condylar cartilages, which resulted in cell proliferation, cellular 
differentiation and matrix formation. Osteogenesis, however, did not occur. 
A depletion of the prechondroblastic zone was found in this culture system, 
and apparently the system lacked factors which modulate the rate of 
proliferation, differentiation and maturation of the prechondroblasts. Copray 
et al. (1983) concluded that for that purpose humoral and/or mechanical 
factors, present in the functional environment, were essential. They also 
concluded that some intrinsic growth capacity is present, but that for cell 
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differentiation from prechondroblasts into chondroblasts intermittent 
mechanical stimuli are necessary. The application of low intermittent 
compressive forces during organ culture induced an increase in condylar 
length, but it remained less than in the controls (Copray et al., 1985). 
Recently, Garcia and Gray (1995) investigated neonatal rat condyles in organ 
cultures. In contrast to Copray et al. (1985), they found cell proliferation, 
matrix synthesis and cell hypertrophy, which actually caused the increase in 
tissue size measured, without mechanical stimuli. Garcia and Gray (1995) 
concluded that the prechondroblastic cell layer was not depleted during the 
culture period. Osteogenesis, however, could not be demonstrated. 
1.2.2 Growth factors involved in bone growth and remodeling 
1.2.2.1 Bone formation 
Elima (1993), Vaananen (1993), and Baylink et al. (1993) give extensive 
overviews of growth factors which play a role in bone formation. 
Growth factors of the Transforming Growth Factor-ß (TGF-/3) 
superfamily have initiating and regulatory functions during cartilage 
formation and bone development and remodeling (Joyce et al., 1990; 
Thesleff, 1992; Baylink et ai, 1993). They are produced by fibroblasts, 
odontoblasts, osteoblasts and other cells. During bone deposition they become 
incorporated within the bone matrix (Seyedin et al., 1986) and are released 
again in case of resorption (Pfeilschifter and Mundy, 1987; Meikle et al., 
1991). The TGF-ß's are believed to have a signaling or mediating function 
which couples bone resorption and deposition (Pfeilschifter et al., 1987; 
Marks and Popoff, 1988; Meikle et al., 1991). The role of TGF-0 in bone 
metabolism is complex since it inhibits osteclastic activity, but it increases 
prostaglandin (PG) production which has a stimulatory effect (Dieudonné et 
al., 1991). It also has a positive (Joyce et ai, 1990) as well as a negative 
effect on bone formation (Dieudonné et al., 1994). Furthermore, Cartilage 
Inducing Factor (CIF), which structurally and functionally is synonymous to 
TGF-/3, induces chondrogenesis in vitro and is involved in cell differentiation 
resulting in cartilage formation as the first step in endochondral bone 
formation (Seyedin et al, 1985, 1986, 1987; Baylink et al., 1993). 
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The Bone Morphogenetic Proteins (BMP's) or Osteogenic Proteins (OP's), 
which are a subgroup of the TGF-/3's, are produced by osteoblasts. They play 
a role in the regulation of the initiation of bone formation in vivo (Urist et 
al., 1983; Wang et al, 1988; Reddi and Cunningham, 1990), cause 
differentiation of connective tissue cells into osteogenic precursor cells, and 
induce cartilage formation both in vivo and in vitro (Kawamura and Urist, 
1988; Vukicevic et al, 1989, 1990; Reddi and Cunningham, 1990; Hiraki et 
al, 1991; Chen et al, 1991; Cunningham et al, 1992; Elima, 1993; Iwata 
et al, 1993; Reddi and Cunningham, 1993; Dieudonné et al, 1994). BMP's 
are released by implanted demineralized bone matrix and then induce 
cartilage and bone formation (Wang et al, 1990). Extensive studies on 
BMP's and their functions are reported by Reddi and Cunningham (1993), 
Kingsley (1994), and Helder (1994). 
Fibroblast Growth Factor (FGF) stimulates osteogenic cell proliferation 
in vivo, while it inhibits the production of bone matrix collagen (Frenkel et 
al, 1990). 
In serum free culture systems several other factors have a stimulating 
effect on proliferation in mandibular condylar cartilage, such as the 
somatomedin-like growth factors Multiplication-Stimulating Activity (MSA) 
and Epidermal Growth Factor (EGF) (Hiraki el al, 1987; Copray et al, 
1988). The same influences were found in cultures of costal cartilage (Kato et 
al, 1983). Moreover the somatomedin-like growth factor Cartilage Derived 
Factor (CDF), and Platelet-Derived Growth Factor (PDGF) appeared to have 
a stimulating influence on cartilage cell proliferation. Nicolas et al (1990) 
found that acidic Fibroblast Growth Factor (aFGF) and EGF have an 
inhibitory effect on alkaline phosphatase activity in fetal rat calvarial 
osteoblastic cell cultures. 
Periosteal Activating Agent (PAA) can be isolated from growing 
cancellous bone of mammals. It appeared to have direct effect on osteogenic 
cell proliferation by activation of the resting periosteum of the rabbit femur 
after injury (Alberts, 1987). 
Insulin like Growth Factors-l and -II (IGF-I and IGF-II) stimulate the 
proliferation and differentiation of osteoblasts (Mundy, 1993; Baylink et al, 
1993; Eriksen et al, 1993). Human Skeletal Growth Factor (hSGF) appeared 
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to be synonymous with IGF-II, while Somatomedin-C seemed identical to 
IGF-I, (Baylink et ai, 1993). According to Parfitt (1984), the osteogenic 
stimulus is related to resorption, and the IGF's and hSGF are at least in part 
responsible for the coupling of bone formation to previous bone resorption 
(Marks and Popoff, 1988; Mundy, 1993). Furthermore Yeh et al. (1994) 
suggested that IGF-I regulates bone formation in particular as a mediator of 
the response of bone to exercise, while IGF's play a role in the osteoblastic 
response to GH according to Eriksen et al. (1993). According to Shinar et al. 
(1993) there seems to be a local as well as a time-dependent difference in 
activity between IGF-I and IGF-II in rat long bones. 
Several systemic influences play a role in bone formation and growth. 
Insulin has a stimulating effect on cell proliferation and matrix formation 
in the condylar and costal cartilages in serum free culture systems (Copray et 
al., 1988), and also on bone matrix synthesis by activation of osteoblasts, 
although it does not increase their number (Canalis, 1993). 
Parathyroid Hormone (PTH) seems to stimulate cell proliferation as well 
as matrix synthesis in costal cartilage (Copray et al., 1988). In case it was 
administered intermittently, it also appears to stimulate bone formation 
indirectly through an increase in IGF-I or TGF-/3 synthesis by osteoblasts 
(Canalis et al., 1989; Canalis, 1993; Mundy, 1993). 
Growth Hormone (GH) has a direct effect on cartilage in cultures 
(Slootweg, 1993) and also on osteoblasts by stimulating their secretion of 
alkaline phosphatase and the bone matrix protein Osteocalcin (also called 
Bone GLA-Protein) (Eriksen et ai, 1993), possibly mediated by 
somatomedin-C (Delmas et ai, 1986; De la Piedra et ai, 1988). GH also 
seems to have an indirect effect via the production of IGF-I (Canalis, 1993; 
Slootweg, 1993; Eriksen et al., 1993), and by stimulating cartilage 
proliferation in the epiphyseal plates (Vogl et ai, 1993; Slootweg, 1993). 
Osteocalcin synthesis was stimulated in vitro, as well as in patients with 
growth hormone deficiency (Antoniazzi et al., 1993) by 7,25-
dihydroxyvitamin D¡ (l,25(OH)2D3) application. The l,25(OH)2D3 also has 
been mentioned as a regulator of osteoblastic function by Wong et al. (1977) 
and Kurihara et al. (1984). It appeared to be an essential component for the 
developmental cascade of bone formation after previous resorption (Marks 
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and Popoff, 1988). In vivo l,25(OH)2D3 inhibits osteoblastic collagen 
synthesis in long bones of two day old rats, while it produces an impairment 
of mineralization in six weeks old animals (Hock et al., 1986). This seems in 
agreement with the results of Wong et al. (1977), who mentioned that 
l,25(OH)2D3 decreased alkaline phosphatase and collagen synthesis in 
cultures of osteoblastic cells. However, the results found by Kurihara et al. 
(1984) indicated a stimulative effect of l,25(OH)2D3 on the differentiation of 
osteoblasts in vitro. 
Oestrogens seem to enhance endosteal bone formation and to inhibit 
resorption of trabecular bone. Osteocytes seem to be the major skeletal target 
cells for oestrogens. They probably play a role in mediating the response of 
surface bone cells to the hormone (Braidman et al., 1995). It was suggested 
that systemic hormones modulate local bone formation, at least in part, 
through regulation of synthesis and release of growth factors (Baylink et al., 
1993; Raisz, 1993). The effect of oestrogens seems to be mediated by IGF-I. 
IGF-I levels decrease during aging while oestrogen suppletion results in an 
increase (Canalis, 1992; Eriksen et al., 1993; Raisz, 1993), and application 
of 17b-estradiol diminished the resorptive bony surfaces (Karambolova et al., 
1987). Also androgens stimulate human osteoblast proliferation and IGF-I 
production (Raisz, 1993). 
1.2.2.2 Bone resorption 
The osteoclasts needed for bone resorption, are hematopoietic in origin, and 
are most probably derived from monocyte lineage precursors. Chemotaxis in 
osteoclast precursor cells is induced by Osteocalcin produced by osteoblasts. 
The bone lining cells are believed to stimulate precursor cell proliferation, 
and to release factors that provide additional chemotactic signals for the 
precursor cells (Parfitt, 1981; Frost, 1982). Furthermore osteoclast 
precursors display a phagocytic recognition for bone mineral particles. The 
mononuclear precursor cells may also be additional resorbing cells (Parfitt, 
1984). 
More recently, other factors for stimulating bone resorption have been 
found (Vaananen, 1993). These are protein mediators, like Prostaglandin E2 
(PGE2) (Watanabe et al., 1990; Vaananen, 1993) and several bone resorptive 
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cytokines (Roodman, 1993; Raisz, 1993), which stimulate the differentiation 
as well as the bone resorbing capacity of osteoclasts both in vitro and in vivo. 
These cytokines include Interleukin-1 (IL-la and IL-lb) (Gowen and Mundy, 
1986; Pfeilschifter et al., 1989; Watanabe et al., 1990; Wang and Stashenko, 
1993), produced by osteoblasts, monocyte-macrophages and marrow stromal 
cells, and Tumor Necrosis Factor (TNF), which is released by monocytes 
(TNF-a) and by lymphocytes and myeloma cells (TNF-ß) (Bertolini et al., 
1986; Pfeilschifter et al, 1989 and Wang and Stashenko, 1993). IL-la seems 
to be the major mediator for bone resorption. But also included are IL-6 
(Löwik et al., 1989), IL-3 (Roodman, 1993), Transforming Growth Factor-a 
(TGF-a) (Takahashi et ai, 1986; Mundy, 1993; Yates et al., 1992), and 
Macrophage-Colony Stimulating Factor (m-CSF) (Marks and Popoff, 1988; 
Roodman, 1993), although m-CSF, IL-1, TNF and perhaps also other factors 
may need l,25(OH)2D3 to result in resorptive activity of the osteoclasts 
(Marks and Popoff, 1988). Actual resorption may be influenced by 
mononuclear cells as osteoblasts, because these cells release osteoclast-
stimulating lymphokines as prostaglandins. Another factor which probably is 
involved in osteoclastic resorption is tissue-type Plasminogen Activator (tPA) 
(Hoekman et al., 1992). 
Next to local growth factors, systemic influences on bone resorption are 
described (Roodman, 1993). 
l,25(OH)2D3 can increase bone resorption by stimulating the 
differentiation of osteoclasts (Mortensen et al., 1993). According to Marks 
and Popoff (1988), specific receptors for l,25(OH)2D3 are present on 
osteoblasts, which suggests that effect of vitamin D3 on osteoclastic activity is 
mediated by osteoblasts. 
PTH may induce osteoclast differentiation (Wong et al., 1977; Marks 
and Popoff, 1988) and matrix resorption by mobilizing Ca+ + , and it may 
stimulate osteoclastic bone resorption (Marks and Popoff, 1988; Watanabe et 
al., 1990). PTH enhances collagenase and tissue plasminogen production by 
osteoblasts, which results in removal of osteoid, thereby facilitating osteoclast 
attachment to the underlying mineral (Marks and Popoff, 1988). According to 
Löwik et al. (1989) this is related to stimulated IL-6 production. 
Bone resorption activities are limited by suppressor factors, such as 
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prostacyclin.es, which are released by osteocytes and bone lining cells, and 
interferons (IFs), which are produced by activated lymphocytes and 
macrophages. γ-IF inhibits differentiation of precursors of osteoclast-like 
cells in vitro, and it inhibits fusion of these precursors to form multinucleated 
cells. Interleukin-4 (IL-4), produced by monocyte-macrophages, is involved 
in the regulation of osteoclast activity in vivo. In vitro it inhibits osteoclast-
like cell formation (Shioi et al., 1991) and bone resorption (Watanabe et al., 
1990). TGF-ß sometimes was found to stimulate bone resorption by 
enhancing PGE2 production (Tashjian et al., 1985; Raisz, 1993), but in other 
cases it appeared to be a potent inhibitor of osteoclast-like cell formation in 
cell-cultures or an inhibitor of osteoclast activity (Chenu et al., 1988). This is 
in agreement with the results of Dieudonné et al. (1991), who found that 
bone resorption can be stimulated or inhibited by TGF-ß, depending on the 
doses used. Also IGF-I is an inhibiting factor for bone resorption, as it 
reduces the number of osteoclasts in rats in vivo (Spencer et al., 1991), and 
it stimulates osteoblasts. 
Calcitonin inhibits bone resorption by inhibition of the osteoclast motility 
(Wallach et al., 1990), osteoclast formation and the resorptive activity of 
these cells. Furthermore, it seems to inhibit PTH-stimulated bone resorption 
in vivo (Marks and Popoff, 1988). Also oestrogens seem to inhibit bone 
resorption (Mundy, 1993). 
1.2.3 Neural influences 
Vasoactive Intestinal Peptide (VIP) and Calcitonine Gene-Related Peptide 
(CGRP) from sympathetic and parasympathetic neurons may have a 
modulatory influence on growth by means of their innervation of periosteum, 
bone, and teeth (Storey and Kenny, 1989). Storey and Kenny (1989) 
suggested that most postnatal growth regulation is secondary to function. 
Besides the vascular effects, VIP from the nerve terminals in periosteum and 
bone, appeared to stimulate bone resorption in cultures, while CGRP 
inhibited bone resorption in vitro (Hohmann et al., 1986). Bjurholm (1991) 
showed in rat long bones the presence of substance Ρ (SP), neuropeptide Y 
(NPY) and Tyrosine Hydroxylase (TH), next to VIP and CGRP. Many nerve 
endings were found near the epiphyseal plates and in the regions with 
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osteogenic periosteal activity. Furthermore, in an in vitro study of 
osteoblastic cells, receptors to CGRP, VIP, Noradrenalin (NA) and NPY 
were found. NPY seemed to inhibit the effects of NA and PTH. This 
indicates an interaction between local neuropeptides and systemic Ca-
regulating hormones, which indicates a neuroendocrine influence on the bone. 
1.2.4 Local extrinsic factors 
Next to systemic and local intrinsic factors influencing mandibular growth, 
local extrinsic factors like the tongue, masticatory muscles, tendons, and 
periosteum, may play a role in bone growth by mechanical influences 
(Enlow, 1990). 
Moss (1960), Moss and Rankow (1968), and Moss and Salentijn (1969) 
framed the "functional matrix" theory, stating that bones only grow in case of 
a changed demand of the surrounding soft tissues, in order to provide this 
"functional matrix" with support and protection. This theory is in contrast to 
the ideas of others, who emphasize intrinsic growth potentials (Duterloo and 
Jansen, 1969) or a combination of intrinsic and extrinsic epigenetic factors 
(Van Limborgh, 1972). 
Petrovic and others (Petrovic, 1972, 1974, 1984; Petrovic and 
Stutzmann, 1977; Petrovic et ai, 1974, 1975, 1981; Stutzmann and Petrovic, 
1974, 1975) introduced a cybernetic model which combines several factors 
that control condylar cartilage growth. This model is based on the principle 
that structural mechanisms in the region are active, which assure the most 
efficient occlusion. The condyle is part of this functional system. A change in 
the position of the teeth in the upper dental arch gives a changed 
interdigitation and confrontation between the positions of the upper and lower 
arches. This results in a changed position of the lower dental arch by 
adaptation of the rate and direction of growth of the condylar cartilage, 
coupled by the activity of the lateral pterygoid muscle and the simultaneous 
activity of the elastic menisco-temporal frenum (as an intermediary) on the 
one hand and the rate and orientation of the cellproliferation in the condylar 
cartilage on the other. 
Different hypotheses have been framed for the way forces are translated 
into cellular responses in terms of cartilage development and bone deposition 
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and resorption (Shimshoni et ai, 1982; Uchida et al., 1988; Jones and 
Bingmann, 1991; Takano-Yamamoto et al, 1991). Klein-Nulend et al. 
(1987) demonstrated that in cultured fetal mouse calvariae, osteoblasts were 
stimulated by intermittent compressive forces (ICF), while the osteoclasts 
were inhibited in their activity and proliferation. Also Sandy (1993) found a 
stimulation of osteoblast-like cells in culture when ICF was applied. 
Furthermore, osteoclastic mineral resorption is decreased by ICF in fetal 
mouse cartilaginous long bones (Klein-Nulend et ai, 1990). It was suggested 
that TGF-ß is increased when ICF was applied, which would result in 
decreased resorption, as TGF-ß inhibits osteoclast-like cell formation, and 
increased osteoblast activity (Pfeilschifter et ai, 1987; Chenu et al., 1988). 
More recently, Roelofsen (1994) and Klein-Nulend et al. (1995) found that 
mechanical interference indeed results in an increase in TGF-ß release when 
intermittent hydrostatic compression (IHC) was applied in organ cultures of 
neonatal mouse calvariae as well as in primary cultures of calvariae-derived 
osteoprogenitor cells and in differentiated osteoblastic cells. From these 
results they concluded that change in TGF-ß formation may be part of the 
tissue response to mechanical influence. Another effect described by Klein-
Nulend et al. (1990), was that ICF inhibits the migration of osteoclast 
precursors from the periosteum into the calcified centre of the bone. Burger 
et al. (1991) mentioned that hydrostatic pressure on cultures of long bone 
rudiments produced shear stresses at the interface between mineralized and 
non-mineralized tissue, which would affect chondrocytes, osteoblasts and 
osteoclasts. In 1995, Burger et al. suggested that osteocytes are the 
mechanosensory cells in bone. They would be involved in the transduction of 
mechanical loads (ICF) into biochemical reaction. The fluid flow through the 
lacunar-canalicular system, which is a result of the loading, would provide 
the physical signal which activates the cells. According to Klein-Nulend et al. 
(1990) PG's may play a role by stimulating osteoclastic bone resorption. 
Their synthesis by cultured osteoblasts is increased upon stretching (Yeh and 
Rodan, 1984). Perhaps, such a mechanical stimulus for recruitment of 
osteoblasts is also active in the periosteum and periodontal ligament. In 
agreement with that, Klein-Nulend et al. (1995) mentioned that isolated 
osteocytes from embryonic chicken calvariae reacted to pulsating fluid flow 
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with PGE2 release, while this release was less if IHC was applied. 
Osteoblasts reacted more or less the same to IHC, but did not respond to a 
pulsating fluid flow. Therefore, also Klein-Nulend et al. (1995) concluded 
that in bone the osteocytes are the most sensitive to mechanical influence 
considering transduction of mechanical stress into biological response. Also 
Kantomaa and Hall (1991), Sandy et al. (1993), and Roelofsen (1994) 
concluded that mechanical loading could affect bone mass by mechanically 
influencing the interstitial tissue fluid, which results in electrical and 
mechanical physical forces. However, they concluded that this appears to 
give a shear stress dependent reaction in the osteoblastic cells, in which PGE2 
might play a role. 
1.3 Periosteal mechanical growth regulation 
1.3.1 Long bones 
The periosteum can be considered as a local extrinsic factor playing a role in 
growth regulation, not only by its osteogenic capacity, but also by its 
biomechanical characteristics (Crilly, 1972; Sebek et al., 1972; Theunissen, 
1973; Van de Sandt, 1977; Koskinen-Moffett et al., 1981). The 
longitudinally oriented fibres within the periosteum seem to be most 
important, as circumferential transsection of the periosteum results in an 
increase of longitudinal bone growth, in contrast to sagittal incisions of the 
periosteum. Besides its role in regulating longitudinal bone growth, the 
periosteum also plays a role in the direction of the bone growth (Crilly, 1972; 
Moss, 1972). 
1.3.2 Mandible 
As in long bones, the role of the periosteum in mandibular growth has been 
studied earlier. Periostomy was performed in order to investigate whether or 
not this would result in an overgrowth of the mandible, as it does in long 
bones, but the results are not consistent and difficult to interpret. A number 
of effects is reported, like a narrower condyle and, contrary to the results in 
long bones, less proliferative activity within the cartilage (Rönning and 
24 
General introduction 
Koski, 1974; Koski and Rönning, 1982, 1983), and in some cases hardly any 
effect could be found (Killiany, 1990). However, also muscular damage 
occurred in many experiments in which periostomy was performed, 
sometimes even resulting in an increase of the number of condylar mitoses 
(Koski and Rönning, 1983). The feasibility of muscular influence on condylar 
growth might be concluded from the fact that changed lateral pterygoid 
muscle activity seems to interfere with condylar activity possibly by changing 
the condylar position (Petrovic, 1972; Koski, 1974; Petrovic et al., 1975). 
However, interpretation of the results is difficult, as no results of sham 
operations were given. 
1.4 Aim of this study 
Investigations on bone growth and growth regulation have been performed at 
the histologic, cellular, and molecular level, with increasing emphasis on 
bone growth regulation at a molecular level. It was also investigated how 
mechanical loading is transduced into cellular stimuli. These experiments 
seem one step too far, as it is not yet clear whether periosteal structure and 
behaviour during growth, enable such an influence. So, prior to this kind of 
research, knowledge of the macroscopic and microscopic structures of the 
periosteum and its relation to the mandibular bone, should be obtained. In 
previous studies, effects of different kinds of experimental periosteal 
interferences were studied, without actually knowing the periosteal structure. 
Therefore, in order to further examine the possible role of the periosteum in 
mandibular growth the present explorative study was performed. The 
experiments were carried out on rabbits of different ages. Next to 
macroscopic examination of the bone and surrounding tissues, these tissues 
were also studied more in detail, especially in order to determine the role of 
the periosteal sheath, as a mechanical intermediate between bone and attached 
structures. The periosteum might be involved in the regulation of bone 
growth by local remodeling activities, by its role in the maintenance of 
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Macroscopic anatomy of the rabbit mandible, 
masticatory muscles 




The purpose of this study was to examine the gross anatomy of the rabbit 
mandible and its surrounding tissues in young and adult animals. The 
attaching tissues and the temporomandibular joint were examined in fresh 
material. Defleshed mandibles were used to study the bony structures. The 
functional coherence of these structures and their relation to the condylar 
cartilage may form a basis for further investigations on the influence of 




During growth the mandible moves forward and downward compared to the 
cranial base. This is the result of growth processes which are most prominent 
at the condyle and at the caudal and ventral edges. Mandibular growth is 
influenced by general factors such as hormones and genetic background, and 
by local factors such as muscles and tendons, periosteum and vascularization, 
which create the functional environment. The mandibular condyle has a 
special function in being a growth site, which supports mandibular growth by 
endochondral bone formation. 
As Washburn proposed already in 1946, skull structures are strongly 
influenced by functional stresses imposed by attached muscles. Interference 
by means of muscular section, results in local or general growth disturbances. 
This has been demonstrated in several studies, mostly performed in young 
rats, in which resection of the temporal muscle (Horowitz and Shapiro, 1951; 
Lifshitz, 1976; Rahme et ai, 1987) the masseter muscle (Horowitz and 
Shapiro, 1955; Moore, 1973; Lifshitz, 1976; Rahme et ai, 1987) or the 
lateral pterygoid muscle (Stutzmann and Petrovic, 1974; Petrovic et al., 
1975, 1981, 1982; Goret-Nicaise et ai, 1983) was performed. The 
periosteum is of major importance as a mediator between the muscles and the 
bone. Condylar growth is probably influenced by periosteal tension, just as 
the periosteum influences epiphyseal growth plates in long bones. A growth 
restricting influence by the periosteum on the epiphyseal plates has been 
demonstrated by Crilly (1972), Harkness and Trotter (1978), Warrell and 
Taylor (1979), and Kuijpers-Jagtman et al. (1988). In the mandible of young 
rats however, Rönning and Koski (1974) and Koski and Rönning (1982, 
1983) have shown that periostomy at the condylar neck seems to reduce the 
growth rate of the condylar process. These findings are in agreement with 
those of Nakamura and Koski (1983) who induced lathyrism in rats, which 
affects the collagen structure and consequently changes periosteal integrity. 
From these studies it seems clear that manipulation of the attaching muscles 
or periosteum causes important effects on the mandibular bone. 
The present study was performed in order to get a better understanding 
of the structural coherence of the mandible and its attached structures in the 
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rabbit, with emphasis on the condylar regions. The results may form a basis 
for further investigation of these tissues in order to expand our knowledge on 
the regulation of the mandibular growth and the influence of the periosteum. 
2.3 Materials and methods 
For this study 12 male New Zealand White rabbits were used, six aged six 
weeks and six young adults. To obtain fresh rabbit heads, all animals 
received HypnormR (10 mg fluanison and 0.2 mg fentanyl-citrate per ml) as a 
sedative, 0.1 ml/kg bodyweight i.m.. Thereafter they were killed by a lethal 
dose of NarcovetR (60 mg Na-pentobarbital per ml). 
Figure 2-1: Anatomical orientations in the rabbit skull as used in the present study. 
In the fresh material the insertion of the masticatory muscles was determined. 
The muscular attachments to the mandible were classified qualitatively as 
loose, firm or clearly tendinous. If muscular tissue could be removed easily 
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using forceps, without muscular or periosteal remnants on the bony surface, 
it was called a loose attachment. If after removal of muscular tissue muscular 
fibres and periosteum remained on the bony surface of the mandible, the 
attachment was characterized as being firm. Tendinous attachments could 
clearly be distinguished. For skull preparation the skin was removed of an 
additional 10 rabbits, aged six weeks and young adults. The heads were 
placed in a 2% NaOH solution for 24 hours, after which the soft tissues were 
removed. The bone was transferred to alcohol 96%, and finally put in 
acetone, containing 2% H202 for another 24 hours. In this study biological 
anatomic orientations were used as illustrated in Figure 2-1. 
2.4 Results 
2.4.1 Fresh material 
Lateral aspect — Examination of the mandible from the lateral side showed 
that in young animals only small muscles were attached on the rostral part. 
Caudally, the masseter muscle covered the ramus and corpus of the mandible 
almost entirely, together with the minor buccinator muscle, located 
ventrocaudal to the molar region (Fig. 2-2). When the muscles and 
periosteum were stripped off, differences were noticed in the way these 
muscles were attached to the bone. The buccinator muscle came off very 
easily, leaving just the denuded bone. The part of the masseter muscle 
situated more dorsally on the ramus had a small tendinous insertion at the 
condylar area, while at the rostroventral and caudoventral region tissues were 
left behind when the muscles were separated from the ramus. The part of the 
muscle situated on the ventral part of the ramus had several tendinous 
connections to the bone. One, stretching from the mandibular angle and 
running rostrally through the ventral part of the masseteric fossa, and another 
one attached to the rim of the fossa, and running ventrally to the former one. 
This tendinous structure reached from the angular process, along the 
mandibular angle, up to the rostral border of the muscle. When removing this 
ventral part of the muscle, tissue remnants were found in the area between 
the two tendinous structures just mentioned and in the rostral and dorsorostral 
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Figure 2-2: Attachment areas of the masticatory muscles on the lateral mandíbula) 
surface in young rabbits. Small dots: loose muscle attachments, 
medium dots: firm attachments; large dots: tendinous attachments. Thi 
direction of the working lines of the main muscular bundles an 
indicated. 
1 = buccinator muscle; 2a = ventral part masseter muscle, consisting 
of the superficial, medial, and rostral deep part of the massetei 
muscle; 2b = dorsal part masseter muscle, identifiable as the cauda 
deep part of the masseter muscle; 3 = temporal muscle. 
part of the masseteric fossa. In the remaining areas where no muscular tissui 
was attached, the periosteum could be removed easily. In order to get ai 
impression of the working lines of the main masticatory muscles in relation tc 
the mandibular condyle, the direction of the muscular Fibres has also beei 
examined in this study. The results are shown in Figure 2-2. 
In the adult rabbits comparable results were found, but the tendinou: 
insertions generally appeared tighter and broader than in the young ones 
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Besides that, the direction of the muscle fibres in the dorsal (or deep) part of 
the masseter muscle seemed to have a slightly different direction as a result 
of the relatively longer zygomatic arch in the adults. 
Medial aspect — In Figure 2-3 the major masticatory muscles on the medial 
aspect of the mandible in young rabbits are shown. At the rostral mandibular 
half, the digastric muscle was connected to the bone with a firm attachment, 
just behind the symphysis. Dorsally to it, the mylohyoid muscle was attached 
to the mylohyoid line, and classified as a loose attachment, as were the 
rostrally situated geniohyoid and genioglossus muscles. 
At the caudal part of the mandible the pars reflexa of the superficial 
masseter muscle attachment was classified as being firm. The medial 
pterygoid muscle had a tendinous attachment, reaching from the angular 
process, along the rim of the pterygoid fossa. Stripping the muscle, tissue 
remnants were found in the ventral and rostral part of the attachment area, 
which indicates a firm attachment. A tendinous attachment of the temporal 
muscle stretched along the coronoid process with an extremely tight tendon of 
the rostral muscle belly just caudal to the molars. Along the ventral border of 
this muscle attachment a less distinct tendinous structure could be observed. 
Firm attachments were found in the area next to the afore mentioned tendon 
all along the process, as well as in a region more ventrocaudally on the 
ramus. Finally, the lateral pterygoid muscle showed a strong tendinous 
attachment rostrodorsally, close to the condylar cartilage, and an additional 
small tendon-like structure at its caudal border. Besides that, some tissue 
remnants were found scattered at the attachment area of this muscle, but most 
of the muscle had a loose attachment. 
In adult animals, most observations were comparable to those found in 
young rabbits, but the tendinous structures were more strongly developed and 
the additional small tendon-like structure at the caudal border of the lateral 
pterygoid muscle was more apparent. In areas where no muscles were 
attached, the periosteum was loosely connected to the bone. 
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Figure 2-3: Attachment areas of the masticatory muscles on the medial mandibular 
aspect in young rabbits. 
1 = digastric muscle, 2 = mylohyoid muscle, 3 = geniohyoid muscle, 
4 = genioglossus muscle, 5 = pars reflexa of the masseter muscle, 
6 = medial pterygoid muscle, 7 = temporal muscle, 8 = lateral 
pterygoid muscle. For further explanation see Figure 2-2. 
Condylar area — The condylar cartilage was covered by a thin 
perichondrium which merged into the periosteum surrounding the condylar 
neck. The disc, being part of the actual joint, was connected to ligamentous 
structures on each side. Rostrally the ligaments were attached to the 
zygomatic process of the temporal bone, the perimysium of the temporal 
muscle, and to the tissue surrounding the condylar process immediately 
ventral to the condylar cartilage. Medially the ligaments were connected to an 
area adjacent to the articular surface of the temporal bone, while others were 
found to bend down to the condylar neck. Although not very clear, a minor 
connection between the lateral pterygoid muscle and discal filaments seems 
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Figure 2-4: Lateral view of the condylar area, showing the attachment of the disc 
to the mandibular ramus. 
1 = rostral discal ligament, 2 = lateral ligament, 3 = caudal 
ligament, 4 = rostral ligament to the zygomatic process of the 
temporal bone. 
to exist. Laterally connections could be observed between the disc and 
perimysial sheath of the masseter muscle and zygomatic arch, as well as with 
the condylar process. 
Caudally, the disc appeared to be fixed in a slightly different way. 
Strong ligaments actually became part of the periosteum and connective 
tissues which formed a thick layer covering the dorsocaudalmost part of the 
condyle, and which stretched ventrally along the caudal border of the ramus, 
and rostroventrally up to the masseter muscle and the area between this 
muscle and the condylar cartilage (Fig. 2-4). 
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2.4.2 Dry skulls 
Areas with different surface structures could be distinguished examining the 
rabbit mandibles more in detail with binoculars on dry skull preparations and 
fresh material which was defleshed, and kept in the freezer. We subjectively 
qualified these surface structures from 1 to 6; 1 representing a very smooth 
bony surface lacking clear spiculae, grooves or lacunae. From 2-5 areas were 
indicated where bony grooves and spiculae became more pronounced; 6 
represented an extremely irregular area with pronounced cortical structures 
probably Howship's lacunae. 
Lateral aspect — The results are shown in Figure 2-5a, for the young 
animals, and in Figure 2-5b for the adult rabbits. Generally, the same pattern 
existed in the young and the adult animals, but corresponding areas generally 
were smoother in adults than in young rabbits. 
The bony grooves and spiculae were present along the bony surface and 
showed a more or less regular pattern. 
Medial aspect — The results for the six weeks old rabbits are shown in 
Figure 2-6a and for the adults in Figure 2-6b. In the adults more or less the 
same cortical pattern could be observed as in the young animals, but the bony 
surfaces generally were smoother in the adults than in corresponding areas in 
the young rabbits. 
2.5 Discussion 
The macroscopic aspects of the masticatory apparatus in different species 
have been subject of several studies. The large masseteric complex always 
appears to exist of a number of fibre bundles oriented in various directions. 
In that respect we were able to divide the rabbit masseter muscle into four 
major parts, considering their insertion on the mandible. Our findings largely 
agree with those of Schumacher and Rehmer (1960), Barone et al. (1973), 
Weijs and Dantuma (1981) and Weijs et al. (1987) who all studied rabbits. 
There appeared, however, to be some discrepancy in the nomenclature used 
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1 2 3 4 5 6 
Figure 2-5: Lateral aspect of the mandibular cortex in young (a) and adult (b) 
rabbits respectively. The different areas being classified from class 1 
which shows a very smooth bony appearance to class 5 with very clear 
bony grooves and spicules, while class 6 represents areas with very 
irreguler surface structures, probably indicating Howship 's lacunae. 
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1 2 3 4 5 6 
a 
Figure 2-6: Medial aspect of the mandibular cortex in young (a) and adult (b) 
rabbits respectively. For explanation see Figure 2-5. 
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in the different studies. This generally involves the subdivision of the muscle. 
The pars reflexa of the superficial masseter muscle as described by 
Schumacher and Rehmer (1960) and Weijs et al. (1987) was called 
mandibular retractor muscle by Barone et al. (1973), suggesting that this 
would be a separate muscle. A similar discrepancy occurs in miniature pigs, 
where part of the deep and middle masseter was called the zygomatico-
mandibular muscle (Schumacher et ai, 1987b). This was not supported by 
others (Koppe et al., 1987), nor by Ström et al. (1988) in dogs or by Weijs 
and Dantuma (1981), or Weijs et al. (1987) in rabbits. 
The resultant functional directions of the muscle forces as determined by 
Weijs et al. (1987) in dry skulls were very much alike. During growth, a 
clear change in the direction of the mean working line occurred in the 
direction of the condylar cartilage. The same finding has been mentioned by 
Schumacher et al. (1987a) in miniature pigs, in which the macroscopic 
features are in agreement with those of the herbivorous rabbit (Schumacher et 
ai, 1987b). When the results are compared with for example those in the 
raccoon, an omnivorous animal having a masticatory apparatus that resembles 
that in carnivores (Gorniak, 1986), comparable major features can be 
observed with regard to the location of muscular and tendinous attachments. 
As a result of differences in mandibular shape, however, different resultant 
forces will be found in the masseteric complex. 
The medial pterygoid muscle has been examined by Barone et al. 
(1973), Weijs and Dantuma (1981), Tokioka et al. (1982) and Weijs et al. 
(1987) in rabbits. Our results generally agree with those studies. Also in pigs 
again there appeared to be great resemblance with our findings (Schumacher 
et al., 1987b). 
The lateral pterygoid muscle was also subject of the present 
investigation. We were able to confirm the tendinous attachments as well as 
the absence of a clear insertion on the articular capsule or disc. However, in 
contrast to Tokioka et al. (1982) and Weijs et al. (1987) we did not clearly 
observe two muscular heads inserting on the mandible. According to Weijs 
and Dantuma (1981) the superior head was very small. In the carnivorous-
like raccoon and the cat also one muscular bundle has been reported 
(Gorniak, 1986; Lautrou and Laison, 1975), which however is inserted on the 
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anteromedial margin of the joint capsule. The same holds true for the 
miniature pig (Schumacher et al., 1987b). In contrast to these results, Ström 
et al. (1986, 1988) divided the lateral pterygoid muscle both in pigs and 
dogs, into two parts, of which the upper part inserted on the anteromedial 
part of the disc. In humans also two parts have been mentioned by Porter 
(1970), Widmalm et al. (1987) and Carpentier et al. (1988). According to the 
first author the superior head is attached to the anterior, anteromedial and 
medial parts of the meniscus, but only to the medial part of the disc 
according to the latter. It seems, however, to be more complex according to 
Troiano (1967). He observed even three bellies within the lateral pterygoid 
muscle, of which both the superior as well as the medial head insert on the 
disc and medial portion of the capsule. 
The present results concerning the temporal muscle, agree with those 
mentioned by Weijs et al. (1987) and Gorniak (1986), although each of them 
used their own nomenclature. Considering the other muscles attached to the 
mandible, our results were in agreement with those of Schumacher and 
Rehmer (1960), although the digastric muscle was named depressor 
mandibulae muscle by them, and with those of Barone et al. (1973) and 
Weijs et al. (1987). 
The masticatory muscles may influence bone growth. Periosteal!y 
attached muscles indirectly load the bony structures through their influence on 
the periosteum in a wide area, while tendons have a more circumscribed local 
influence. Consequently, cortical structures would depend on these 
attachments. From the present study it is obvious that no strict correlation 
existed between the presence of muscular tissue and the bony cortex 
appearance. E.g. in the young animals the cortical bone on the lateral 
mandibular aspect varied from almost smooth to very rough in areas where 
muscular tissues were absent. Also underneath the masseter muscle a varying 
appearance of the bone surface was found. There also seems to be no specific 
relation between these cortical structures and the type of muscular 
attachments. Along the caudoventral mandibular border the tendinous 
attachment overlies a cortex which varies from almost smooth to rather 
rough. The smaller tendinous structure, more dorsally, is attached to cortical 
bone classified as almost to rather smooth, which can hardly be discriminated 
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from the surrounding cortical areas, where a loose attachment was found. 
The same holds true for the areas with firm muscular attachments. In the 
adult rabbits, in which the differences in cortical structures in general were 
even less prominent, the absence of a relation between attachment and bony 
surface is also clear. 
Also at the medial aspect of the mandible no clear connection between 
cortical aspects and muscular insertions was observed, neither in the young 
animals nor in the adults. 
Influence of the masticatory muscles on the condylar cartilage or 
temporomandibular joint is probably not direct, since a clear direct 
connection between the muscles and the condyle, disc or ligaments does not 
exist, and also considering the direction of the working lines, a direct 
influence is not likely. As far as it was observed macroscopically the lateral 
pterygoid muscle had only some loose connections with the ligaments on the 
medial side of the condyle. The connections between the ligaments and the 
masseter muscle and temporal muscle were even less distinct. So if the 
condylar cartilage is influenced by the neighbouring muscles it would be most 
probably that the periosteum surrounding the condylar neck acts as a 
mediator for muscular forces. 
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Microscopy of mandibular periosteum 
3.1 Summary 
The structure of the mandibular periosteum in rabbits of different ages has 
been studied by different histological staining techniques, and polarization 
microscopy. The periosteum consisted of two layers. From the inner, cellular 
layer the functional state could be determined. A reproducible pattern of 
resorptive and depository areas was found on the bony surface. In the outer, 
fibrous periosteal layer, collagenous and elastin fibres were running in 
distinct directions. The masticatory muscles appeared to be attached directly 
endomysially or indirectly endomysially, via the perimysium, or via a 
tendinous attachment. From the periosteal structures and the characteristics of 
muscular fibre attachments to the bone and periosteum, especially in the 
ramal and condylar areas, it could be concluded that a mechanical influence 
of the periosteum on condylar growth is very well possible. It's influence 
probably will vary during life. The masticatory muscles seemed to be only of 




Two processes are involved in postnatal growth of the mandible. For direct 
mandibular growth the osteogenic capacity of the periosteum is needed. 
Furthermore growth cartilages, like in the symphysis, the mandibular angle, 
the coronoid, and condylar areas, are necessary. 
The importance of the condylar cartilage, which persists during life, has 
been especially demonstrated in previous experiments. Already in 1953, 
Sarnat and Engel found that the ramal length in monkeys of eight months old 
did not increase after condylectomy. A comparable effect has been mentioned 
by Tingey and Shapiro (1982) who used papain in five-weeks-old rabbits and 
reported a clear decrease in ramal growth but no effect on the other parts of 
the mandible. Gianelly and Moorrees (1965), Pimenidis and Gianelly (1972), 
and Petrovic et al. (1981) all demonstrated a decrease in mandibular length 
after condylectomy in young rats. 
Next to the capacity of continuous proliferative activity of the 
mandibular growth cartilage, followed by endochondral bone formation, the 
periosteum enables a continuous process of growth and remodelling, 
involving osteoblastic cells and osteoclasts. In the past these continuous 
remodelling processes have been investigated in several species using 
different techniques. Bhaskar (1953) studied ia-rats, which have a disturbed 
bone resorption, and compared them to normal animals. Bang and Enlow 
(1967) investigated the mandibular growth in rather great detail in rabbits 
from two to six months of age, using lead acetate, and compared the results 
to those in humans. Enlow (1968, 1990) studied the situation in man, while 
Chong (1979) investigated rats histologically up to the age of eight weeks. 
Periosteal activity also ensures a constant relative position of the 
different mandibular parts and the structures attached to them, as has been 
demonstrated in long bones by Hert (1960) and Grant et al. (1980). Symons 
(1959) mentioned that human fetal muscle fibres, attached to the fibrous 
periosteal layer, moved through interstitial growth of the periosteum, while 
tendinous attachments moved by temporarily detaching them from the bone 
by means of osteoclasts. Also Grimm and Katele (1979) found movements of 
the muscles through the periosteum, in minipigs aged three months. 
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Whether periosteal activity and condylar growth are related is not yet clear. 
In long bones the periosteum seems to play a role in the local growth 
regulation of the epiphyseal plates. Crilly (1972) and later on Van de Sandt 
(1977), Harkness and Trotter (1978), Warrell and Taylor (1979) and 
Kuijpers-Jagtman et al. (1988) have demonstrated changes in growth activity 
of the epiphyseal plates after periosteal dissection around the shaft of a long 
bone. Due to the longitudinal orientation of the fibres in the fibrous periosteal 
layer and their insertion above the epiphyseal plates, transverse periosteal 
sectioning should give a decrease in periosteal tension and by that an 
unloading of the epiphyseal plates. 
A certain influence of the mandibular periosteum on condylar growth has 
been demonstrated in experiments where periostomy was performed. In rats 
aged three weeks, periostomy seemed to affect the bone growth locally and 
the dimensions of the ramus, but not the overall mandibular growth (Rönning 
and Koski, 1974). In agreement with these findings, Koski and Rönning 
(1982, 1983) found a decrease in mitotic activity of the condyles of 
periostomized animals. Nakamura and Koski (1983) and later on Koski et al. 
(1985) found comparable results studying periostomized and lathyritic rats. In 
case of periostomy however, the lateral pterygoid muscle was located dorsally 
to the periosteal incision in most rats. So in these animals an influence of the 
muscular fibres on the periosteum, and by that on the mandibular condyle, 
was still possible. 
The way and degree in which the periosteum, the condylar cartilage, and 
the bone are influenced by the masticatory muscles, probably depends on 
their site and their way of attachment. Possible effects of the lateral pterygoid 
muscle on the condylar cartilage, have been shown before. Resection of that 
muscle caused a decrease in mandibular growth in rats (Petrovic, 1972) and a 
smaller number of mitoses present in the proliferative zone (Petrovic et al., 
1975) or even calcification of the cartilaginous zone, leading to deformities of 
the condyle (Goret-Nicaise et al., 1983). Induced mandibular protrusion 
caused an increased muscular activity and condylar growth in monkeys and 
rats (Petrovic, 1972; McNamara, 1973; Petrovic et al., 1975) while electrical 
stimulation of the muscle gave comparable results (Kantomaa and Rönning, 
1982). After bilateral masseterectomy not only the condyle but also the 
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measures of the coronoid process and mandibular angle and base had 
diminished, while the measures of the alveolar region increased in the 
operated animals (Moore, 1973). Shortening of the anterior belly of the 
digastric muscle in minipigs showed no clear influence on the bony parts, nor 
on the condyle (Van Vlierberghe et al., 1986). 
To get more insight into the possible role of the periosteum in the 
control of condylar growth, the mandibular periosteum and its attached 
structures were studied microscopically. 
3.3 Materials and methods 
For this study eight New Zealand White rabbits were used, four aged six 
weeks, and four of the age of thirty weeks. They were obtained from a 
commercial rabbit farm and kept under normal laboratory conditions. After 
sedation with HypnormR (10 mg fluanisone and 0.2 mg fentanyl-citrate per 
ml), 0.5 ml/kg body weight i.m., 1 ml Heparin (5000 IU) was injected 
through the caudal auricular vein, and the rabbits were sacrificed with an 
overdose of Nembutal1* (pentobarbitone sodium). The animals were perfused 
with physiological saline, followed by a 4% neutral formaldehyde solution 
(pH 6.9), at room temperature. After perfusion the heads were dissected and 
post-fixed in perfusion solution for several days. Then the mandibles were cut 
into smaller blocks, which were decalcified in a 20% formic acid, 5% 
sodium citrate solution (pH 2.0). Decalcification was checked 
radiographically. Next the tissue was dehydrated and embedded in ParaplastR, 
and horizontal and frontal Ίμχη sections were obtained, which were stained 
with the Haematoxylin and Eosin method according to Delafield (Lillie, 
1965) for general observation of the different tissues. Adjacent sections were 
stained with the Taenzer-Unna technique for elastin fibres (Lillie, 1965). 
Furthermore polarization microscopy was used to determine the main 
orientation of the collagenous fibres. Four animals were studied in detail, 
while the others were used to check the findings. 
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3.4 Results 
3.4.1 Cellular layer 
In the cellular layer of the periosteum, along the bony surface, different cell 
types could be discerned. Depending on the location, osteoclasts or 
osteoblasts were present. Osteoprogenitor cells were present, especially on 
the caudal border of the mandibular bone, on the ventral border of the caudal 
half of the mandible, and on the rim of the coronoid process. Furthermore 
differentiating cells and thin collagenous fibres were discriminated within the 
cellular layer. They appeared to have no distinct orientation, but many were 
connected to the bony surface on one side and to the other periosteal layer on 
the other. Small blood vessels and capillaries were mainly restricted to the 
inner periosteal layer, although in some areas they seemed to be concentrated 
in between the inner and the outer periosteal layer, or within the fibrous 
layer. 
Lateral aspect (Fig. 3-1) — Checking the cell population on the entire lateral 
aspect of the mandible in the six-weeks-old animals, it appeared that on the 
rostral half of the mandible mainly osteoblasts were found, except for the 
region adjacent to the mental foramen, where some osteoclasts were present. 
On the caudal half of the mandible the different areas with the two cell types 
were more evident. Underneath the attachment area of the masseter muscle 
many osteoclasts were found. However, also osteoblasts were observed in 
that area, situated rostroventrally and in a smaller area where both cell types 
were present, just dorsally to it. The presence of osteoclasts also extended 
from the masseter muscle further dorsally and along the rostral half of the 
condylar neck, up to the condyle. In the dorsocaudal ramai area just beneath 
the condylar cartilage the osteoblasts appeared to be highly active. On the 
coronoid process, including the attachment area of the temporal muscle, 
osteoblasts were present, as well as on the caudal and ventral aspects of the 
mandibular bone. In areas where osteoblasts or osteoclasts were not clearly 
present, still few osteoprogenitor cells could be observed in most cases. 
In the adult rabbits generally the same distribution pattern of osteoblasts 
and osteoclasts existed on the bony surface. The degree of activity however, 
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Figure 3-1: Lateral aspect of the mandibular cortex in six-weeks-old rabbits. Areas 
being indicated where osteoblasts (+) or osteoclasts (-) were found. 
Attachment areas of the masticatory muscles: 1 = buccinator muscle, 
2 = masseter muscle, 3 = temporal muscle. 
was less in most areas. In some areas only few flattened, fibroblast-like cells 
were found, adjacent to the bone, and thin collagenous fibres and capillaries 
could not always be discerned. Also few clear differences between the adults 
and the young animals were found. In the rostral ramal areas, in the older 
ones more osteoblasts were found. On the corono id process, osteoblasts were 
replaced by osteoclasts. Furthermore less osteoblasts were found in the 
rostroventral area underneath the masseter muscle, while in the ventralmost 
part of that region osteoclasts were replaced by osteoblasts. 
Medial aspect (Fig. 3-2) — Checking the cell population at the medial 
mandibular aspect in the young rabbits, on the rostral mandibular half mainly 
osteoblasts were present, except at its rostralmost part, where the minor 
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Figure 3-2: Medial aspect of the mandibular cortex in six-weeks-old rabbits. Areas 
being indicated where osteoblasts (+) or osteoclasts (-) were found. 
Attachment areas of the masticatory muscles: J = digastric muscle, 
2 = mylohyoid muscle, 3 = geniohyoid muscle, 4 = genioglossus 
muscle, 5 = pars reflexa of the superficial masseter muscle (or 
mandibular retractor muscle), 6 = medial pterygoid muscle, 
7 = temporal muscle, 8 = lateral pterygoid muscle. 
geniohyoid and genioglossus muscles are attached, and just beneath the first 
molars. The medial pterygoid muscle overlies an areas where mainly 
osteoblasts were found. Osteoclasts were found underneath the central and 
dorsocaudal parts of the muscle, and caudally and ventrally along the outer 
regions of the attachment area of the muscle. Also within the attachment area 
of the temporal muscle mainly osteoblasts were present, except at its central 
rostral and caudal parts. On the rostral aspect of the corono id process mainly 
osteoclasts were found. Many osteoclasts were found underneath the lateral 
pterygoid muscle, and in the area extending rostrally and ventrally. 
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Osteoprogenitor cells and osteoblasts were present in the attachment area of 
the pars reflexa of the superficial masseter muscle (or mandibular retractor 
muscle) and further along the caudal and ventral border of the mandible. 
Osteoblasts were also observed in the remaining areas, rostrally, dorsally, 
and caudally to the temporal muscle. 
In the adult rabbits generally a comparable pattern was found of the 
periosteal cells at the medial aspect of the mandible, although the activity was 
less pronounced than in the young rabbits. In some areas however, 
osteoclasts were replaced by osteoblasts, like in the central part of the 
attachment area of the lateral pterygoid muscle and in the dorsal and central 
parts of the attachment area of the medial pterygoid muscle. 
3.4.2 Fibrous layer 
Next to the inner cellular layer, a fibrous layers was present. It contained 
collagenous and elastin fibres, as well as fibroblastic cells. The two fibre 
types were intermingled with each other, although in some cases it seemed as 
if the two types were concentrated in two zones. In some cases the elastin 
fibres were located between the collagenous fibres and the cellular layer, in 
other cases the collagenous fibres were found between the elastin fibres and 
the cellular layer. 
Generally, in the younger rabbits the fibrous layer was thicker than in 
the adults, where it sometimes was hard to discern a separate fibrous layer. 
3.4.2.1 Collagenous fibres 
Lateral aspect (Fig. 3-3) — In the six-weeks-old animals the collagenous 
fibres of the fibrous layer were running parallel to the bony surface. In the 
condylar and ramal areas, they appeared to be oriented mainly toward the 
condylar cartilage. They were especially abundant and relatively thick near 
the condyle, as well as in the rostral and caudal ramal regions. In the 
condylar neck region and the caudal ramai area, also fibres could be 
discerned running parallel to the bony surface, but oriented more or less 
perpendicular to the ones just mentioned. Furthermore fibres were found 
crossing the articular condylar surface from the lateral to the medial side. On 
the ventral part of the mandible the fibre orientation was different. Rostrally 
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Figure 3-3: Presence and orientation of collagenous fibres on the lateral 
mandibular aspect in six-weeks-old rabbits 
the major direction was rostrocaudally with the most prominent fibres situated 
in the ventral region, while in the central area of this mandibular part they 
were the least prominent Fibres parallel to the bony surface, but running in a 
more or less perpendicular direction, were mainly concentrated in the molar 
region and at the ventral mandibular border Caudally, underneath the 
masseter muscle, the collagenous fibres appeared to be mainly directed more 
or less dorsoventrally toward the ventral mandibular border and angular 
region, with the most prominent appearance in the rostral and caudal parts of 
the attachment area 
In the adults a comparable situation existed In the caudal ramal areas, 
however, the fibres oriented toward the condyle seemed even more apparent, 
while the collagenous fibres perpendicular to these, appeared to be less On 
the caudal ventral half of the mandible the most prominent fibres were 
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Figure 3-4: Presence and orientation of collagenous fibres on the medial 
mandibular aspects in six-weeks-old rabbits. 
present in the rostralmost and caudalmost parts, but also in a rather narrow 
central area running dorsoventrally. On the rostral ventral half of the 
mandible the major fibre orientation appeared to be rostrocaudally, while 
perpendicularly oriented fibres were mainly concentrated near the molars. 
Medial aspect (Fig. 3-4) — In the condylar and ramal areas the main fibre 
orientation appeared to be toward the mandibular condyle. Near the condyle 
the collagenous fibres were found to be abundant and very prominent. On the 
caudal ramai part however, less collagenous fibres were present. In the 
condylar neck region underneath the lateral pterygoid muscle, and to a lesser 
extend on the caudal ramus, fibres were present running also parallel to the 
bony surface, but perpendicular to the fibres just mentioned. Rostrally on the 
ventral mandibular half the fibre distribution was generally comparable to the 
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outer mandibular surface. Also caudally the same holds true considering the 
fibre orientation. On the lateral aspect however, the fibres were more 
prominent. 
In adults the collagenous fibre distribution mainly resembles that in the 
six-weeks-olds. In the dorsocaudal ramai part however, they seemed to be 
more apparent than in the young ones. On the rostral ventral half and on the 
caudal ventral half, the situation very much resembled that in the young 
animals. In general the collagenous fibres were less prominent in thickness or 
number on the medial mandibular side compared to the lateral side, both in 
young and adult rabbits. 
3.4.2.2 Elastin fibres 
The majority of the elastin fibres in the young animals was running parallel 
to the bony cortex. Next to these fibres, small elastin fibres were observed, 
which were oriented perpendicular to the bony surface. 
Lateral aspect (Fig. 3-5) — The elastin fibres running parallel to the bone 
were, on the mandibular ramus, to a great extend directed toward the 
condyle. Next to these, elastin fibres were found in the condylar area, which 
were running parallel to the bony surface, but were oriented in a 
perpendicular direction. Furthermore fibres were observed oriented 
rostrocaudally along the articular condylar surface. In the ventral part of the 
ramus, many fibres were found, running parallel to the bone and in a 
direction, more or less perpendicular to the ones oriented toward the condyle. 
In the ventral part of the mandible many elastin fibres appeared to be oriented 
in a rostrocaudal direction. Also a substantial amount of fibres was found, 
oriented parallel to the bone, but running in a perpendicular direction, 
especially underneath the rostral and caudal parts of the masseter muscle, and 
in the area just rostrally to it. More rostrally only few of such fibres were 
present, while they were more apparent just rostrally and ventrally to the first 
molars. Small elastin fibres perpendicular to the bony cortex, appeared to be 
present both in areas with and without muscular attachment. A certain 
relation between the presence of these fibres and the muscular contours, 
however, seems possible. These small elastin fibres appeared together with 
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Figure 3-5: Presence and orientation of elastin fibres on the lateral mandibular 
aspect in six-weeks-old rabbits. The small elastin fibres oriented 
perpendicular to the bony cortex are presented by dots. 
the fibres running parallel to the bony surface, but also places could be 
found, where almost exclusively this type of elastin fibre existed, for instance 
in the rostral ramal areas. 
In the adult rabbits about the same fibre pattern existed. In the dorsal 
ramal areas, however, the amount of fibres running in a rostrocaudal 
direction, as well as the amount of the small elastin fibres perpendicular to 
the bony surface, were increased, while on the ventral ramal areas their 
number seemed to have diminished. Also in the region just rostral to the 
masseter muscle and underneath its rostroventral part, the number of fibres 
running more or less dorsoventrally seemed to have decreased. 
Medial aspect (Fig. 3-6) — In the young animals the elastin fibres running 
parallel to the bony cortex, were oriented in a way comparable to those at the 
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Figure 3-6: Presence and orientation of e lastin fibres on the medial mandibular 
aspect in six-weeks-old rabbits. 
lateral aspect. On the ramus there was a clear orientation toward the condyle, 
although on the condylar neck and on the ventral part of the ramus 
underneath the temporal muscle, fibres were found running parallel to the 
bony surface, but in a perpendicular direction. On the ventral mandibular part 
many fibres were running in a roslrocaudal direction, while fibres 
perpendicular to these but still parallel to the bone, were concentrated in the 
area just rostral to the medial pterygoid muscle and underneath the rostral and 
caudal parts of the attachment area of this muscle. 
Small elastin fibres perpendicular to the bony surface, also could be 
found in relatively the same areas as on the lateral mandibular aspect. 
Furthermore they were present on the rostral aspect of the coronoid process, 
and underneath the digastric muscle. 
In the adult rabbits again there was an increase in the number of small 
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fibres perpendicular to the bone, in the dorsal ramal area, but a decrease in 
its ventral part. Furthermore the fibres, running parallel to the bony cortex, 
rostrally to the medial pterygoid muscle as well as in its rostral attachment 
area, appeared to be less distinct. 
3.4.3 Muscular attachments 
It was found that the masticatory muscles were for their major part indirectly 
and sometimes directly endomysially attached to the bony surface. Next to 
that, only at distinct sites perimysial and tendinous attachments were present. 
The indirect endomysial attachment could be discerned by the fact that 
endomysial fibres of the muscle intermingled with the fibres of the fibrous 
periosteal layer, which on its turn was connected to the bone by small 
collagenous fibres. When a direct endomysial attachment was found, small 
fibres were detected running from the muscle through the fibrous periosteal 
layer to the bone. In the perimysial attachment, a perimysial sheet of the 
muscle was connected to the fibrous periosteal layer, whereas in the 
tendinous attachment, fibres were found, that crossed the periosteal structures 
and in this way connecting the muscular tissue directly to the bone. 
Lateral aspect — In the young animals the masticatory muscles were for their 
major part endomysially attached to the mandible. Tendinous attachments 
were found along the caudal, ventral and rostral parts of the masseteric fossa. 
Perimysial attachments could be demonstrated on many places along the 
tendinous connections just mentioned, in the central and dorsocaudal part of 
the large ventral bulk of the masseter muscle, as well as in the ventral area of 
the smaller dorsal part of this muscle. In the adults comparable results were 
found. 
Medial aspect — In the six-weeks-olds again the muscles were mainly 
attached endomysially. A large tendinous attachment was found underneath 
the lateral pterygoid muscle, and a small one in its caudoventral part. 
Furthermore such structures were apparent on the rostral rims of the coronoid 
process, along the ventral border of the temporal muscle, and underneath the 
medial pterygoid muscle at its caudal and ventral border. Only a very tiny 
72 
Microscopy of mandibular periosteum 
tendinous attachment was present along the ventral side of the digastric 
muscle. The perimysial way of attachment was concentrated mainly in the 
central and dorsocaudal parts of the area where the medial pterygoid muscle 
was present, and underneath the ventrocaudal part of the temporal muscle. In 
the adult rabbits the results were comparable. 
On places where endomysial attachments were found, the periosteal 
structure was as described before. In some cases the perimysial attachment 
did not keep its clear structure, independent of the age of the animal. In case 
of a tendinous attachment, the periosteum was sometimes still recognizable in 
the young animals, but in the adults it was not possible to discern it as a 
separate structure, due to the crossing tendinous fibres. The elastin fibres 
however, were often oriented in the same way as in the young animals, 
hereby crossing the tendinous attachment. 
3.5 Discussion 
The general pattern of a periosteum consisting of two layers as was found for 
the rabbit mandible in the present study, agrees with the findings of Tonna 
(1974) in the mouse femur and Chong et al. (1982) in the rat mandible. 
Chong et al. (1982) reported the presence of only two resorptive areas, near 
the condyle and at the coronoid process. For normal growth and development 
of young rats however, it seems that resorptive activities should be more 
widespread on the mandibular surfaces, in order to ensure relatively constant 
mandibular dimensions. Bang and Enlow (1967) discern resorptive and 
depository areas in rabbits from two to six months of age. However, they do 
not go into detail on the histological features of the periosteum or the degree 
of activity within the different areas. The results in the present study are 
rather different from those found by Bang and Enlow (1967) since in our 
study the coronoid process and dorsocaudal ramai area at the lateral 
mandibular aspect, were found to be depository. At the medial aspect the 
differences were clearest at the dorsal ramal half, where more resorptive 
activity was present, and underneath the ventral part of the temporal muscle, 
being depository in the present study. 
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Only few reports can be found on the fibrous periosteal layer of the 
mandible. The results of the present study confirmed those reported by 
Chong et al. (1982) in rats, namely that collagenous fibres increased in size 
and number during aging, at least in distinct areas. The clear decrease in the 
amount of elastin fibres described by Chong et al. (1982) was, however, not 
confirmed in the present results. This might be caused by the difference in 
species, since also Roskjaer (1977), who studied rabbit intramembranous 
bone, did not mention such a phenomenon. 
According to Theunissen (1973) in rat tibia and Tonna (1974) in mouse 
femur, the elastin and collagenous fibres seem to have a distinct orientation 
and position within the periosteum. In the fibrous layer they are running 
parallel to each other and mainly longitudinally along the bone. Sebek et al. 
(1972) found in calfs that these fibres influence the activity of the epiphyseal 
plates. Besides these fibres also circumferential fibres have been described by 
Sebek et al. (1972) especially in the metaphysis. This fibre pattern seems 
more or less comparable to the pattern found near the condylar cartilage in 
the present study, indicating that also in the mandible the fibrous periosteal 
layer might play a role in the regulation of condylar growth. Such a 
directional growth influence might also be present in the ventral mandibular 
parts, considering the collagenous fibre orientation. In that case a rostrally 
directed component would exist toward the incisors, as well as a ventro-
caudally directed component toward the mandibular angular area. The clear 
collagenous fibres running ventrodorsally parallel to the direction in which 
the molars erupt, suggest a certain influence of the periosteum on the 
development and maintenance of the molar area bone. Further study on 
interstitial growth and stretching of the periosteum which might support the 
idea of a directional growth influence (Theunissen, 1973) seems necessary in 
this perspective. 
Considering their orientation, the influence of the elastin fibres, running 
parallel to the bony surface, on mandibular growth, seems more like one of 
maintaining elastic capacity within the periosteum than a direct influence on 
the directional growth by the periosteum. In that perspective it seems possible 
that the small elastin fibres, perpendicular to the bony surface, have a special 
function as a mediator between the muscular traction and the periosteum in 
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order to prevent it from being lifted during muscular activity. This seems 
more likely than the statement of Theunissen (1973) suggesting that the 
longitudinally running elastin fibres might play such a role. 
Considering the muscular attachment, the results of Chong and Evans 
(1982) who studied the mandible of the rat, were rather well comparable to 
our findings for the caudal mandibular half. The rostral half was quite 
different, probably due to the difference in species. 
The way muscular fibres are attached to the periosteum and by that to 
the bone has consequences, not just for the mechanism by which the muscles 
maintain their position during growth, but also for their influence, if any, on 
the periosteum. In that perspective the large amount of endomysial 
attachments observed, as well as the fact that tendons have not yet fully 
developed in the young animals, makes a regulating influence of the muscles 
on the periosteum possible. However, the collagenous fibres in the 
periosteum are not always directed in the same way as the working lines of 
the muscles, especially on the ramus. This would support the idea of 
Theunissen (1973), and Harkness and Trotter (1978) who stated that in long 
bones, muscular influence on periosteal tension seems not very likely. 
Furthermore in the condylar area a difference in muscle attachment and 
orientation exists between the lateral and medial mandibular side, suggesting 
an opposite influence of the muscular traction on the condyle by the 
periosteum. The development of the tendinous attachment of the lateral 
pterygoid muscle, suggests a diminishing influence on the periosteal sheath 
during aging. 
So, considering the periosteal structure, a directional influence of the 
periosteum on mandibular growth seems very well possible. However, 
concluding from the way the muscles are attached to the periosteum, the role 
of the masticatory muscles in influencing mandibular growth is not certain. 
3.6 Literature 
BANG S, ENLOW DH (1967). Postnatal growth of the rabbit mandible. Archs Oral 
Biol 12: 993-998. 
75 
Chapter 3 
BHASKAR SN (1953) Growth pattern of the rat mandible from 13 days 
insemination age to 30 days after birth Am J Anat 92 1-53 
CHONG DA (1979) Periosteum and bone growth in the rat mandible PhD Thesis, 
Harvard School of Dental Medicine, Boston, MA, USA 
CHONG DA, EVANS CA (1982) Histologic study of the attachment of muscles to 
the rat mandible Archs Oral Biol 27 519-527 
CHONG DA, EVANS CA, HEELEY JD (1982) Morphology and maturation of the 
periosteum of the rat mandible Archs Oral Biol 27 777-785 
CRILLY RG (1972) Longitudinal overgrowth of chicken radius J Anat 112 11-18 
ENLOW DH (1968) Wolffs law and the factor of architectonic circumstance Am J 
Orthod 54 803-822 
ENLOW DH (1990) Handbook of facial growth 3rd edition Philadelphia WB 
Saunders Company 
GIANELLY AA, MOORREES CFA (1965) Condylectomy in the rat Archs Oral 
Biol 10 101-106 
GORET-NICAISE M, AWN M, DHEM A (1983) The morphologic effects on the 
rat mandibular condyle of section of the lateral pterygoid muscle Eur J Orthod 
5 315 321 
GRANT PG, BUSCHANG PH, DROLET DW, PICKERELL С (1980) Invariance 
of the relative positions of structures attached to long bones during growth 
cross-sectional and longitudinal studies Acta Anat 107 26-34 
GRIMM AF, KATELE KV (1979) "Silver Dust" - A tool to study growth 
interrelationships between bone, periosteum and muscle Anat Ree 194 
539-546 
HARKNESS EM, TROTTER WD (1978) Growth of transplants of humerus 
following circumferential division of the periosteum J Anat 126 275-289 
HERT J (1960) The growth of periosteum and bone marrow in long bones 
Experimental study on the tibia of the rabbit Ceskoslovenska Morfologie VIII 
238-250 
KANTOMAA T, RUNNING О (1982) The effect of electrical stimulation of the 
lateral pterygoid muscle on the growth of the mandible in the rat Proc Finn 
DentSoc78 215-219 
KOSKI K, RUNNING О (1982) Condyle neck penostomy and the mitotic activity 
in the condylar tissues of young rats Swed Dent J Suppl 15 109-113 
KOSKI K, RONNING О (1983) Condyle neck penostomy and the mitotic activity 
in the condylar tissues of young rats II Proc Finn Dent Soc 79 147-150 
76 
Microscopy of mandibular periosteum 
KOSKI K, RÖNNING O, NAKAMURA Τ (1985). Periosteal control of mandibular 
condyle growth. In: Dixon AD and Sarnat BG (eds). Normal and abnormal 
bone growth: basic and clinical research. New York: Alan R. Liss, Inc., pp. 
413-423. 
KUIJPERS-JAGTMAN AM, BEX JHM, MALTHA JC, DAGGERS JG (1988). 
Longitudinal growth of the rabbit femur after vascular and periosteal 
interference. Anat Anz 167: 349-358. 
LILLIE RD (1965). Histopathologic technic and practical histochemistry. 3rd 
edition. New York: McGraw-Hill Book Comp. 
McNAMARA Jr JA (1973). Neuromuscular and skeletal adaptations to altered 
function in the orofacial region. Am J Orthod 64: 578-606. 
MOORE WJ (1973). An experimental study of the functional components of growth 
in the rat mandible. Acta Anat 85: 378-385. 
NAKAMURA T, KOSKI К (1983). Periosteal control of mitotic activity in the 
mandibular condyle of the rat. IRSC Med Sci 11: 307-308. 
PETROVIC AG (1972). Mechanisms and regulation of mandibular growth. Acta 
Morphol Neerl-Scand 10: 25-34. 
PETROVIC AG, STUTZMANN JJ, OUDET CL (1975). Control processes in the 
postnatal growth of the condylar cartilage of the mandible. In: McNamara Jr JA 
(ed). Determinants of mandibular form and growth. Monograph 4, Craniofacial 
Growth Series, Ann Arbor: Center for Human Growth and Development, 
University of Michigan, pp. 101-154. 
PETROVIC A, STUTZMANN J, OUDET С (1981). Condylectomy and mandibular 
growth in young rats. A quantitative study. Proc Finn Dent Soc 77: 139-150. 
PIMENIDIS MZ, GIANELLY AA (1972). The effect of early postnatal 
condylectomy on the growth of the mandible. Am J Orthod 62: 42-47. 
RUNNING O, KOSKI К (1974). The effect of periostomy on the growth of the 
condylar process in the rat. Proc Finn Dent Soc 70: 28-29. 
ROSKJAER M (1977). Sutures and periosteum of growing intramembranous bone. 
An investigation of the nasal bone of the rabbit. PhD Thesis, University of 
Nijmegen, The Netherlands. 
SARNAT BG, ENGEL MB (1953). Effect of surgical removal of the condyle on the 
growing mandible: An experimental study in the Macaca rhesus monkey. Am J 
Orthod 39: 147. 
SEBEK J, SKÁLOVÁ J, HERT J (1972). Reaction of bone to mechanical stimuli, 
part 8. Local differences in structure and length of periosteum. Folia Morphol 
(Praha) 20: 29-37. 
77 
Chapter 3 
SYMONS NBB (1954). The attachment of the muscles of mastication. Brit Dent J 
96: 76-81. 
THEUNISSEN JWW (1973). Het fibreuze periosteum (The fibrous periosteum). Een 
experimenteel, histologisch en autoradiografisch onderzoek. PhD Thesis, 
University of Nijmegen, The Netherlands. 
TINGEY TF, SHAPIRO PA (1982). Selective inhibition of condylar growth in the 
rabbit mandible, using intra-articular papain. Am J Orthod 81: 455-464. 
TONNA EA (1974). Electron microscopy of aging skeletal cells. Ill The periosteum. 
Lab Invest 31: 609-632. 
VAN DE SANDT H (1977). The influence of transverse section of the periosteum 
on the growth of the rabbit femur. PhD Thesis, University of Nijmegen, The 
Netherlands. 
VAN VLIERBERGHE M, DERMAUT L, JANSEN H (1986). Influence of the 
digastric muscle and occlusion on the sagittal growth of the mandible. An 
experimental investigation in minipigs. Eur J Orthod 8: 1-11. 
WARRELL E, TAYLOR JF (1979). The role of periosteal tension in the growth of 
long bones. J Anat 128: 179-184. 
78 
Chapter 4 
A histological and histometric study of the periosteum 
in mandibular ramal and condylar areas 
of the rabbit 
Thea H.M. Frankenhuis-van den Heuvel 
J.C. Maltha 
A.M. Kuijpers-Jagtman 
Published in Archives of Oral Biology (1991) 36: 933-938. 

Periosteum in ramal and condylar areas 
4.1 Summary 
The structures of the temporomandibular joint and the mandibular periosteum 
were investigated with various histological stains and by polarization 
microscopy. The width of the periosteal layers was measured in nine ramal 
and condylar areas at five different ages (0, 2, 6, 12, and 30 wks). The total 
periosteal width changed during growth, as did the absolute and relative 
thickness of its cellular and fibrous layers. The results suggest that in these 
areas periosteal tension may influence growth of the condylar cartilage, and 




The effects of experimental penostomy seem to support the notion that the 
periosteum plays a role in regulating the growth of the epiphyseal plates m 
long bones (Cnlly, 1972, Harkness and Trotter, 1978, Warrell and Taylor, 
1979, McLain and Vig, 1983, Lynch and Taylor, 1987, Dimitnou, 
Kapetanos and Symeonides, 1988, Kuijpers-Jagtman et al , 1988) The 
periosteum might also regulate the growth of the condylar cartilage of the 
mandible The growth of the rat mandible decreased after penostomy 
(Gianelly and Moorrees, 1965, Pimenidis and Gianelly, 1972, Petrovic, 
Stutzmann and Oudet, 1981). possibly because of a decrease in mitotic 
activity in the condylar cartilage (Koski and Ronning, 1982, 1983, Koski, 
Ronning and Nakamura, 1985) The same was found in lathyntic rats 
(Nakamura and Koski, 1983) The opposite effect, however, was found in 
long bones from various species including chicken, rat, man, and rabbit 
where longitudinal bone growth increased after penostomy (Cnlly, 1972, 
Harkness and Trotter, 1978, Warrell and Taylor, 1979, Wílde and Baker, 
1987, Kuijpers Jagtman et al , 1988) 
Morphological studies of the periosteum in long bones have led to 
various hypotheses about its mechanical influences on the epiphyseal plates 
(Sebek, Skálová and Heft, 1972, Tonna, 1974) Changes in growth rate of 
the epiphyseal plates were supposed to be due to change in periosteal tension 
In long bones, periosteal tension is normally determined by the stretching and 
interstitial growth of the sheet of collagenous fibres During aging its 
structure probably changes in such a way that growth decreases and 
eventually stops This regulating influence supposes a certain structure of the 
periosteum in relation to the epiphyseal plates If such regulation exists at the 
condyle, a comparable structure would probably be needed 
In the past, the structure of the mandibular periosteum has been studied 
(Chong, Evans and Heeley, 1982), but there are no details of this in the 
region of the condylar cartilage nor of age changes occurring in these specific 
areas We have now examined the microscopic structure of the tissues that 
surround the condyle, in order to better understand the possible role of the 
periosteum in regulating condylar growth 
82 
Periosteum in ramal and condylar areas 
4.3 Materials and methods 
For this study twenty-five female New Zealand White rabbits were used, 
divided into five equal age groups: new-boms, and animals 2, 6, 12, and 30 
weeks old. They were obtained from a commercial rabbit farm and kept 
under normal laboratory conditions. After sedation with HypnormR (10 mg 
fluanison and 0.2 mg fentanyl-citrate per ml), 0.5 ml/kg body weight i.m., 
the rabbits were given 1 ml Heparin (5000 IU) through the caudal auricular 
vein and then were killed with an overdose of Nembutal11 (pentobarbitone 
sodium). The animals were perfused using physiological saline, followed by a 
4% neutral formaldehyde solution (pH 6.9), at room temperature. Then the 
heads were dissected and post-fixed in formalin solution for several days. 
From the mandibles smaller blocks were obtained, which were decalcified in 
a 20% formic acid, 5% sodium citrate solution (pH 2.0). Decalcification was 
checked radiographically. Next the tissue was dehydrated and embedded in 
ParaplastR and 7 μτη sections were obtained. For histological investigation of 
the mandibular condylar areas and the temporomandibular joint, horizontal, 
frontal and sagittal sections were stained with Haematoxylin and Eosin 
according to Delafield (Lillie, 1965), the method according to Taenzer-Unna 
for elastin fibres (Lillie, 1965) and polarization microscopy was used to 
determine the orientation of the collagenous fibres. 
In nine ramal and condylar areas, the thickness of the periosteum was 
measured. Five regions were located on the lateral mandibular surface: LI, 
distant from the condyle in the middle of the attachment area of the masseter 
muscle on the ramus; L2, more dorsally, but still within the attachment area 
of the masseter muscle, near the condyle area; L3, in the middle of the 
condylar neck; L4, in the rostral region of the condylar neck; and L5, in its 
caudal region. Four regions were located on the medial aspect of the ramus: 
Ml, distant from the condyle within the most dorsal attachment site of the 
temporal muscle; M2, in the middle of the attachment area of the lateral 
pterygoid muscle, and close to the condylar cartilage; M3, in the middle, and 
M4, in the rostral region of the condylar neck. 
Based on a pilot study in which the error of the method was determined, 
periosteal measurements were performed according to the following 
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procedure. From each region, the full periosteal width as well as the widths 
of the fibrous and cellular layer were measured in Haematoxylin and Eosin 
stained sections. Within each section, six measurements of these thicknesses 
were carried out 30 μπι apart. The mean and standard error of these six 
measurements were calculated. Differences between the areas and between 
the age groups, were subjected to the one-way analysis of variance and in 
cases of significant differences, to Tukey's multiple comparisons test at the 
5% level. 
4.4 Results 
4.4.1 Microscopic investigation 
The structure of the temporomandibular joint and its surrounding tissues were 
the same in all age groups. The fibrous periosteal layer of the condylar neck 
continued over the articular surface (Fig. 4-lb). Its structure changed into a 
Figure 4-1: 
a: Insertion of the discal ligament on the lateral aspect of the mandibular condylar 
neck in a six-weeks-old rabbit. Frontal section with elastin staining according to 
Taenzer-Unna. uc = upper articular cavity; le = lower articular cavity; 
d = disc; al = articular layer; lig = discal ligament; fi = fibrous periosteal 
layer; cl = cellular periosteal layer; с = condylar cartilage; b = bone 
(Bar = 200 μιη). 
b: Detail of an H&E stained section, adjacent to the one in Figure 4-la, showing 
the fibrous periosteal layer, continuing into the articular layer of the condyle 
(Bar = 200 ßm). 
с: Frontal H&E stained section of mandibular condyle in a six-weeks-old rabbit; 
dig = caudal discal ligament (Bar = 200 ßm). 
d: Frontal H&E stained section of the condyle situated more caudally than in 
Figure 4-lc; the caudal discal ligament is now integrated into the articular 
layer (Bar = 200 ßm). 
e: Insertion of the discal ligament on the medial aspect of the condylar neck in a 
six-weeks-old rabbit. Frontal H&E stained section; mptl = lateral pterygoid 
muscle (Bar = 200 μ/η). 
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compact articular layer of collagenous fibres, in between which only few 
rostro-caudally running elastin fibres could be detected. More caudally it 
appeared as a thick perichondrial layer that covered the caudalmost part of 
the condylar cartilage. The caudal discal ligaments were connected to this 
layer (Fig. 4-1 с and 4-Id). Most caudally the fibrous periosteum covered the 
condyle, which has a bony surface in that area. 
On the medial surface of the mandibular neck the discal ligaments 
appeared to be connected to the temporal bone, to connective tissue and 
periosteum that surround the condylar neck just above the insertion area of 
the lateral pterygoid muscle on the ramus (Fig. 4-le). In a few cases tiny 
fibres were connected to the connective tissue that surrounds the muscle. 
However, no clear direct connections could be demonstrated between the 
discal ligaments and this muscle. Laterally, a few fibres were attached to the 
zygomatic arch and the connective tissue that surrounds the masseter muscle. 
The discal ligaments were also connected to the periosteum and to connective 
tissue fibres that surround the condylar neck (Fig. 4-la and 4-lb), just ventral 
to the condylar cartilage. Rostrally the ligaments appeared to be attached to 
the condylar neck and the connective tissue that surrounds it from the 
temporal muscle up to the condyle. 
In all the discal ligaments described, elastin fibres were present next to 
the collagenous fibres, but they did not continue into the disc (Fig. 4-la) as 
did the collagenous ones. The same held true in the transitional area from the 
periosteum to the disc, where thick elastin and collagen fibres were observed, 
but only the collagenous fibres continued into the disc. 
The tendinous attachment of the lateral pterygoid muscle changed with 
age. In new-borns and at two weeks of age, the muscle appeared mainly to be 
indirectly attached to the bone, because the tendinous structure had not yet 
properly developed. At the age of six weeks its appearance became more 
tendinous, with its attachment area spreading ventrally. Only when the 
animals had reached young adulthood (30 weeks) did the tendon seem 
complete. 
4.4.2 Periosteal measurements 
Because of the skewness of the distribution of the data, a square-root 
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transformation was done, before further analysis. The mean value of the six 
measurements per layer was reliable, as may be seen from Cronbach's 
reliability coefficient alpha, being 0.985, 0.977, and 0.980 for the total 
periosteum, the osteogenic layer, and the fibrous layer respectively 
(Cronbach, 1951). Furthermore the correlation between the measurements 
and the standard error appeared to be low, being 0.17, 0.01 and 0.24 for the 
total periosteum, the osteogenic layer and fibrous layer respectively. 
The measurements of some of the selected areas in the different age 
groups are shown in Figure 4-2. Generally, the width of the periosteum and 
its constituent parts varied between the different areas studied, as well as 
between the different age groups. 
The width of the osteogenic layer and the total periosteal width showed 
similar patterns of change during growth. Directly after birth there was an 
increase in the total periosteal thickness as well as in the width of the 
osteogenic layer, while a clear decrease occurred after six to twelve weeks of 
age. 
The findings for the fibrous layer showed a different pattern with age. In 
the regions LI and Ml, both situated in a muscular attachment area and 
distant from the condyle, the periosteum was thin. Only the osteogenic layer 
increased during the first weeks after birth, although not significantly on the 
lateral mandibular side, and it decreased significantly later on in life. The 
fibrous layer was thin at all times. Only in LI were the measurements at the 
age of thirty weeks significantly less than in the new-boms. 
The findings within region L2, underneath the same muscular attachment 
as area LI but closer to the condyle, were similar to those in LI. The 
measurements in area M2, underneath the lateral pterygoid muscle, showed a 
pattern more or less comparable to that in Ml. The peak values for the total 
periosteum and of the osteogenic layer however, were higher at two and six 
weeks, and to a lesser extent at twelve and thirty weeks. 
In areas closer to the condyle, the periosteum was thicker. Although in 
new-borns it was only slightly thicker, the osteogenic layer appeared to 
increase later on. The fibrous periosteal layer was also thicker and, in 
contrast to the areas more distant from the condyle, it remained so with 
increasing age or it even increased as could be observed in the areas L3 and 
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M3 and especially L5. So, while in these areas the osteogenic layer again 
followed a pattern comparable to that of the total periosteum, the fibrous 
layer became relatively more substantial with age. This was found to a lesser 
extent in the regions L4 and M4, but in the areas L3 and M3, and especially 
in the area L5, it was very clear. While during the first six weeks of life 
about 25-30% of the total periosteum existed of fibrous layer, this increased 
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Figure 4-2: Measurements on the total periosteal width (*), and the width of the 
osteogenic (*) and fibrous (O) periosteal layer in areas Ml, L2, M2, 
M3, M4, and L5 at different ages. Mean values ±95% conf. interval; 
η = 5. Significant differences between the measurements at the 
different ages are presented in the inset diagrams on the top right 
corner, where + represents a positive significant difference, 
— represents a negative significant difference. For example, in area 
Ml the total periosteal width at the age of twelve weeks is significantly 
less than the total periosteal width at the age of two weeks. The 
measurements areas are indicated on the inset anatomical diagrams: 
the broken lines represent the attachment areas of the temporal muscle 
(mt) and the lateral pterygoid muscle (mptl) on the medial mandibular 
surface, and the attachment area of the masseter muscle (mm) on the 
lateral mandibular surface. 
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The microscopic structure of the rabbit temporomandibular joint showed that 
the disc was in few places connected to the surrounding structures by 
collagenous fibres and loose connective tissue. Furthermore abundant elastin 
fibres, also described by O'Dell et al. (1989), indicate a considerable amount 
of elasticity. 
The ligaments were mainly attached to the bony structures, where they 
became part of the periosteal sheet, and not to the muscular tissues. This is in 
contrast to the findings in many macroscopic investigations in different 
species (Porter, 1970; Lautrou and Laison, 1975; Troiano, 1967; Gorniak, 
1986; Ström et ai, 1986, 1988; Schumacher, Schumacher and Koppe, 1987; 
Carpentier et ai, 1988; Wilkinson and Chan, 1989), but agrees with those of 
Tokioka et al. (1982), and Weijs, Brugman and Klok (1987) in the rabbit. As 
a result the masticatory muscles seem not to have great direct influence on 
the positioning of the disc, and so probably the disc will not influence the 
condylar cartilage. The only way the muscle forces could exert an influence 
on the disc, would be indirectly via the mandibular periosteum. This, 
however, is not very likely, considering the ligamentous structure and the 
discrepancy between the working lines of the muscles and the fibrous 
structure of the periosteum (Frankenhuis-van den Heuvel, Kuijpers-Jagtman 
and Maltha, 1991). 
Another possibility could be a direct periosteal influence on the activity 
of the condylar cartilage. In long bones the periosteum is often assumed to be 
direct controller of the proliferation of epiphyseal cartilage plate cells 
(Kuijpers-Jagtman et ai, 1988). Harkness and Trotter (1978) stated that a 
muscular influence on periosteal tension is not very likely. Furthermore 
Kuijpers-Jagtman et al. (1988) concluded, that the fibrous periosteum acts as 
a mediator for other local regulatory factors, while McLain and Vig (1983) 
concluded, that the functional demands of individual long bones may modify 
the periosteal influence. To suppose a similar controlling mechanism for 
mandibular condylar growth, the periosteal structures should be comparable 
to those in long bones. 
In long bones a decrease in total periosteal and fibrous layer seems to 
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exist during postnatal life (Harkness and Trotter, 1978; Eilender, Feik and 
Carach, 1988). In the mandible there is a tendency to increasing periosteal 
width during the first postnatal period and a decrease after six to twelve 
weeks. This might indicate a difference in developmental stage between the 
long bones and the mandible at a certain age, or it might be due to the 
changing function at time of birth. In the ventral ramal areas the changes 
during life were not very large. 
The differences found between the areas distant from the condyle and 
those which are situated in the condylar neck region could be similar to those 
of Sebek et al. (1972), who found that in calf tibia the periosteum covering 
the middle of the diaphysis was more easily disrupted than the periosteum 
towards the metaphysis. 
A thinner fibrous periosteum could indicate an area where, next to 
differential interstitial growth, mainly differential stretching of the periosteum 
occurred (Tonna and Cronkite, 1962), while a thick fibrous layer would 
indicate the formation of fibres. In that case the periosteum in the lateral and 
medial ramal regions distant from the condyle (LI, Ml, L2, and M2) would 
be stretched more, while near the condyle formation of new fibres would 
probably occur. The large increase in the osteogenic layer in the condylar 
areas, could also indicate actual growth within the periosteum. This, 
however, should be studied more in detail. Finally, the periosteal attachment 
at the condylar cartilage seemed more or less similar to that at the epiphyseal 
plates in long bones. 
From the periosteal structure in the ramal and condylar areas and the 
development changes within the periosteum, it seems possible that the 
periosteum exerts a regulating influence on the growth of the condylar 
cartilage. This influence, however, will probably change during postnatal life. 
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Rabbit mandibular periosteal migration 
5.1 Summary 
In the present study, the role of the periosteum in mandibular growth was 
investigated. The orientation of the superficial bony spicules of rabbit 
mandibles was determined on dry skulls after perfusion of the animals with 
an India ink solution. The spicular orientation in the ramus area appeared to 
be toward the condyle, rostrally toward the incisors, and caudally toward the 
angular region. The behaviour, during growth, of the periosteum in the 
caudal mandibular half, was studied by implantation of metal periosteal and 
bone markers. A series of cephalograms revealed the migration pattern of the 
periosteal markers, and by that the migration pattern of the periosteum. It can 
be concluded that both the pattern of the superficial bony spicules and the 





The periosteum of long bones seems to be important for the regulation of the 
growth of the epiphyseal plate (Crilly, 1972; Warrell and Taylor, 1979; 
McLain and Vig, 1983; Kuijpers-Jagtman et al., 1988). The same holds true 
for the mandible, where the condylar growth seems to be influenced by 
periosteal manipulation (Koski and Rönning, 1982, 1983; Koski et al., 1985). 
During growth of a long bone, the periosteum shows interstitial growth 
and stretching (Tonna and Cronkite, 1962; Theunissen, 1973; Theunissen et 
al., 1974). It moves in relation to the underlying bone, showing a distinct 
migration pattern (Theunissen, 1973). This was also found in craniofacial 
bones (Roskjaer, 1977; Koskinen-Moffett et al., 1981). In both types of bone 
this migration pattern is reflected in the direction of the cortical vessels and 
bony spicules (Isotupa, 1972; Koskinen-Moffett et al., 1981). So the 
periosteum seems to influence bone growth as well as the orientation of the 
superficial bony structure. 
The periosteal migration in long bones and craniofacial bones is not 
uniform in the different areas of the bone (Theunissen, 1973; Roskjaer, 1977; 
Koskinen-Moffett et al., 1981; Kuijpers-Jagtman et ai, 1988). The direction 
and rate of the migration in a certain area seem to depend on the position of 
that area with respect to the location and activity of the growth sites. For the 
mandible, only some preliminary reports on this subject have been found until 
now (Kaleta et ai, 1974; Evans, 1978). 
From our previous studies on the rabbit mandible, it was concluded that 
the structure of the periosteum was such that an influence on mandibular 
growth in general and on condylar growth in particular was very well 
possible (Frankenhuis-van den Heuvel et al., 1991a,b). Therefore, the present 
study investigated whether a migration pattern for the mandibular periosteum 
exists, which would indicate a directional influence of the periosteum on 
mandibular bone growth. 
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5.3 Materials and methods 
Eighteen female New Zealand White rabbits, six weeks old, were used. They 
were obtained from a commercial rabbit farm, came from different litters and 
were kept in separate cages under normal laboratory conditions. One animal 
showed a retarded growth and died of pneumonia. This animal was excluded 
from the study. 
5.3.1 Dissection 
Four rabbits were killed with an overdose of Nembutal1* (Pentobarbital 
Sodium), and perfused with an India ink solution. Their heads were 
dissected, and dry skulls were prepared with the aid of a dissection 
microscope. The cortical surface was examined, and the main orientation of 
the superficial bone spicules was determined. 
5.3.2 Marker implantation 
Fourteen rabbits were sedated with HypnormR (10 mg Fluanison and 0.2 mg 
Fentanyl-citrate per mL), 0.5 mL per kg body weight i.m., followed by 0.25 
mg atropine sulphate. After intubation (Philipsen, 1969), the ventral 
mandibular borders were shaved and the skin was cleaned with ethanol 70% 
and BetadineR. The animals were kept under general anaesthesia with 
N20/02, containing 0.5% Halothane. 
Skin incisions were made at the ventral mandibular border of the right 
mandibular half in the area just rostral to the masseter muscle, and along the 
caudal mandibular border near the angular region. Two sterilized Tantalum 
bone markers (0.5 mm in diameter, 1.5 mm in length; Ole Dich, Hvidovre, 
Denmark) were implanted in small holes formed with a bur, at the ventral 
and caudal mandibular border (Fig. 5-1) by means of an implanter, as 
described by Björk (1955). The skin was then sutured with VicrylR. 
Furthermore, from seven to 12 sterilized stainless steel periosteal markers 
(0.08-mm ligature wire, 1.5 - 2.0 mm in length; Ormco, Sybron Zürich AG, 
Zürich, Switzerland) were placed within the mandibular periosteum at the 
lateral mandibular surface along the ramus and the caudal half of the ventral 
part of the mandible (Fig. 5-1). This was done with a bent hypodermic 
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Figure 5-1: Schematic drawing of a lateral cephalogram of a rabbit, fixed in the 
cephalostat. ip = incisor point; bm = bone marker; pm = periosteal 
marker. 
needle (0.6 mm in diameter, 25 mm in length). From this needle, the 
periosteal marker was pushed forward with a ligature wire (0.1 mm in 
diameter), while the needle was pulled back at the same time. The periosteal 
markers were injected through the muscular tissue of the masseter muscle, 
without an incision being made in the skin. 
After the operation, the animals received 0.2 mL Nalorphine 
Hydrochloride i.v. (5 mg/mL) as antidote for the Fentanyl. 
5.3.3 Radiographic procedure 
After implantation of the markers, standardized lateral cephalograms were 
made, by means of a cephalostat modified from that described by Maltha 
(1982). During this procedure the necks of the sedated animals were enclosed 
between two adjustable clamps. Each head was held down by adhesive tape 
and fixed in the mid-sagittal plane by an interdental pin, between the upper 
incisors. Additionally, the mandible and maxilla were fixed in the horizontal 
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Figure 5-2: Schematic drawing of the lateral aspects of the mandible and the 
cranial aspect of the condyle. Distances measured on dry mandibles 
are indicated. See text for key. 
plane by a clamp, fixing the upper and lower incisors relatively to each other 
(Fig. 5-1). Radiographs were made at constant focus-film distance (4.5 m) on 
Kodak Ortho-M film (Kodak Nederland BV, Driebergen-Rijsenberg, The 
Netherlands) by means of a Philips PractixR X-ray machine (Philips 
Nederland, The Hague, The Netherlands), at 100 kV, 20 mA, and an 
exposure time of 10 seconds. 
When the animals were from six to 29 weeks of age, lateral 
cephalograms were made at regular intervals at first every week, and later 
on, every two or three weeks. Each time, the animals were weighed and 
sedated with 0.5 mL HypnormR per kg body weight i.m. before the 
radiograph was made, and 0.2 mL Nalorphine Hydrochloride i.v. was 
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injected afterwards. When a bone marker became lost from the surrounding 
bone, as could be checked from the lateral cephalograms, an additional one 
was placed, and the radiographic procedure was repeated. 
At the end of the experimental period, when the animals were 29 weeks 
of age, they were killed by an overdose of Nembutal1*. The positions of the 
bone and periosteal markers were then checked by dissection. Periosteal 
markers which became embedded in the bone or muscular tissue during 
growth, (25% of the periosteal markers) were excluded from the study. 
5.3.4 Macroscopical measurements 
So that the influence of the operation on mandibular growth could be 
checked, 11 mandibles were de-fleshed. The operated right mandibular halves 
were compared with the non-operated left halves. Measurements were 
performed twice with vernier callipers. The following distances were 
determined on the right and left mandibular halves (Fig. 5-2): 
a. from the incisor to the dorsocaudal border of the condyle; 
b. from the incisor to the caudal border of the angular process; 
с from the ventral mandibular border to the dorsal side of the condyle; 
d. from the mental foramen to the dorsocaudal border of the condyle; 
e. from the medial to the lateral side of the condyle, representing the 
maximum width; 
f. from the rostral to the caudal side of the condyle, representing the 
condylar length. 
Differences between left and right sides were statistically evaluated with a 
paired t-test. 
Two mandibles were examined histologically on serial ParaplastR 
(Monoject Scientific Inc., Athy, Co. Kildare, Ireland) sections. They were 
stained with haematoxylin and eosin for general investigation, or as described 
by Taenzer-Unna (Lillie, 1965) for elastin fibers. 
5.3.5 Measurements on the radiographs 
For determination of growth from six to 29 weeks, the radiographs were 
digitized by means of an Optocom (Van der Linden et ai, 1972). The 
coordinates of the following reference points were digitized: both ends of 
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each periosteal marker, the rostral and caudal points of the mandibular molar 
block, and the rostral point at the incisor. From these data the centers of the 
markers were calculated, and the occlusal plane was represented by a line, 
defined by connecting the rostral and caudal coordinates of the molar block. 
Furthermore, the condyle, the caudal border of the ramus, and the angular 
contour of the mandible were digitized. 
5.3.6 Error of the method 
The error of the method is composed of errors in the radiographic procedure 
and a measurement error. For determination of the total error, three animals 
were placed five consecutive times in the cephalostat, and radiographed each 
time. For determination of the error of the measuring procedure, three 
radiographs were measured six times. 
The total error was about 0.18 mm; the measurement error was about 
0.1 mm. The accuracy was considered to be acceptable. 
5.3.7 Displacement of the periosteal markers 
The positions of the centers of the periosteal markers on the mandibular 
surface were determined at different ages, after superimposition of the 
radiographs. The displacement trajectories of the periosteal markers during 
growth were plotted. The trajectories were extrapolated. They all crossed a 
small area which was called the 'neutral area' (Fig. 5-3). The relative 
position, Q, of each marker along its trajectory was determined. Q was 
defined as the distance between the center of a marker and the mandibular 
border, divided by the total distance between the neutral area and the 
mandibular border χ 100. A small Q value indicates a position of a marker 
near the mandibular border. Q was determined for all markers at the ages of 
seven, 12 and 29 weeks. Furthermore, the differences in Q between seven 
and 12 weeks, seven and 29 weeks, and 12 and 29 weeks of age (dQ7-12, 
dQ7-29 and dQ 12-29 respectively), were determined. The mean displacement 
rate V (mm/week) was calculated. The relation between Q and V was 




Figure 5-3: Schematic representation of the measurements on the 
radiographs. The trajectories of some periosteal markers are 
indicated. A solid line represents the actual measurements, a 
broken line represents the extrapolated part of the trajectories, 
which cross the neutral area (*). The mandibular borders are 
given at the ages of seven, 12, and 29 weeks. A, B, and С 
indicate the areas in which the mandible was divided according 
to the direction of the trajectories. 
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5.4 Results 
5.4.1 Dissection 
During the experimental period, the animals gained weight normally from 
about 950 g at six weeks of age to about 2500 g at an age of 29 weeks. No 
effect of the operation procedure could be found. After death, the mandibles 
and surrounding tissues revealed no clear signs of inflammation, growth 
disturbances or other defects. Histologically, no special effects of the 
experimental procedures on the bony tissue or on the periosteum and attached 
structures were found. The dry skulls showed no abnormal structures or 
defects. Statistical evaluation showed no significant differences in 
measurements between the operated and non-operated sides. 
In the rabbits perfused with India ink, the bony spicules on the cortical 
surface showed a distinct pattern (Fig. 5-4 and Fig. 5-5). On both the medial 
and lateral mandibular surfaces, the spicules ran in two main directions: in 
the ramus area, towards the condyle and in the ventral area, rostrocaudally. 
5.4.2 Displacement of the periosteal markers 
Depending on the direction in which the markers were moving, they were 
divided into three groups (Fig. 5-3). In area A, the markers were moving in 
the direction of the mandibular condyle. In area B, the markers moved dorso-
caudally in the direction of the caudal border of the ramus, while in area С 
the markers moved caudally or ventrocaudally. The trajectories appeared to 
be curved. 
In area A, the mean Q value was 28 (S.D., 2.0), in area В this value 
was 35.5 (S.D., 3.1) and in area С this was 51 (S.D., 1.5). Within each 
area, Pearson's correlation coefficient between the mean Q values at the ages 
of seven, 12, and 29 weeks varied from 0.96 to 0.98. This indicated that Q 
was relatively constant during growth. Only for a few markers did the 
position ratio Q appear to decrease during the experimental period. Some 
were located in area В at the caudoventral part of the ramus and three 
markers were located in area A very close to the condylar cartilage. The 
latter ones showed a strongly decreasing position ratio Q, keeping about the 
same absolute distance from the condylar cartilage. However, they were 
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Figure 5-4: Schematic drawing of the lateral aspect of a rabbit mandible. Lines 




Figure 5-5: Macroscopic picture, respresenting the rectangle as given in Figure 
5-4, showing the neutral area from which the spicules appear to 
originate. 
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present in only one animal, and therefore they were excluded from statistical 
evaluation. 
For each marker the displacement per week (V) was calculated. In area 
A, the markers had the greatest displacement, while in area С the 
displacement was the smallest. The greatest mean rate of displacement in 
each area was found at the age of seven to eight weeks. This difference in 
displacement V between the areas might be due to the position ratio Q 
because, in order to keep their relative position constant, the markers with a 
lower Q, situated nearer to the site of growth, had to move further during the 
same time period than did markers closer to the neutral area. For evaluation 
of this, the markers were divided into three zones according to their Q-value: 
zone 1 (Q < 25), zone 2 (25 < Q < 50), and zone 3 (50 < Q < 80). 
This was done only for the age of 12 weeks, because the position ratio Q 
remained constant during the experimental period and thus Q12 can be 
considered as representative for the whole period. In area A, 17 out of 35 
markers were in zone 1, 15 markers in zone 2 and only three markers were 
in zone 3. In area В 10 out of 38 markers were in zone 1, 21 in zone 2 and 
seven markers in zone 3. In area C, the markers were present equally in 
zones 2 and 3. One-way analysis of variance showed that the differences in 
Q12 among the areas А, В and С were highly significant. 
As a result, the values of V were significantly different among the areas 
А, В and C. In other words, there was an area-dependent displacement V. 
For comparison of the periosteal migration pattern in areas А, В and C, 
it was important to know whether there were differences in V among the 
areas, independent of the Q values. Therefore, a linear correction was 
performed for position influences. The mean position ratio Q12 of all 
markers was 36. By extrapolation, the displacement V at a position ratio 
Q = 36 was determined in the three areas A, B, and C. With analysis of 
variance it was shown that an interaction no longer existed between V and Q. 
The differences in V between the areas were tested by a one-way analysis of 
variance and a consecutive Tukey multiple comparison test. It was found that 
at all ages there was a significant difference in V between areas A and В and 
between areas A and C. Thus, it was concluded that differences in the rates 




Figure 5-6: Mean displacement V of the periosteal markers and SEM (mm/week) 
for areas A, B, and С as shown in Figure 5-3. 
by differences between the areas themselves. In Figure 5-6 the mean 
displacement V and SEM (mm/week) of the periosteal markers are shown for 
areas А, В and C. 
5.5 Discussion 
As can be concluded from previous studies on long bones and craniofacial 
bones, the periosteum moves along the underlying bony surface during 
growth (Theunissen, 1973; Roskjaer, 1977; Koskinen-Moffett et al., 1981). 
This is facilitated by the loose attachment of the periosteum to the bony 
surface and the firm attachment of the periosteum near the growth sites. On 
the mandible, where the periosteum is strongly attached at the condylar 
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cartilage while loosely elsewhere, a comparable situation exists (Frankenhuis-
van den Heuvel et al, 1991a). 
When the fibrous periosteum is sliding along the bony cortex during 
growth, the osteogenic layer of the periosteum is pulled forward with it. The 
capillaries of the osteogenic layer, which become enclosed in the cortical 
bone by periosteal bone deposition, show a distinct orientation. This results in 
a pattern of spicules on the bony surface oriented in the direction of the 
periosteal movement (Isotupa, 1972; Koskinen-Moffett et al., 1981). From 
the pattern found in the present study, it may be concluded that the 
mandibular periosteum migrated in three main directions, namely, toward the 
condylar area, or rostrally or caudally in the ventral mandibular half. 
Isotupa (1972) found a pattern of spicules in rabbit, guinea pig and rat 
skulls, all of which appeared to have an Origin'. Considering the position of 
the 'origin' on the mandibular surface in the present study as being the 
intersection of the extrapolated trajectories of the periosteal markers, it could 
be comparable with the so-called neutral point, introduced previously by 
Theunissen (1973). The periosteum would expand as an elastic sleeve but 
would remain at its place at this neutral point (Theunissen, 1973; Roskjaer, 
1977; Grant et al., 1981). This is confirmed by the results of the present 
study, since the trajectories as well as the patterns of spicules showed the 
same characteristics. The rate of periosteal migration varied in the different 
areas of the mandible. On the one hand, it depended on the activity of the 
growth center present at its trajectories: the periosteum related to the condyle 
migrated faster than that related to the angular or caudal ramus area. On the 
other hand, the migration rate depended on the relative distance to the growth 
site: the closer to the growth site, the faster the periosteum migrated. This is 
in agreement with the findings of Theunissen (1973) and Kuijpers-Jagtman et 
al. (1988) in long bones, and with those of Roskjaer (1977) and Koskinen-
Moffett et al. (1981) in craniofacial bones. 
The position ratio Q in this study remained constant, in most cases, 
during the experiment. This indicates that the relative position of the markers 
remained constant, independent of the presence of attached muscular tissue. 
This supports the findings of Grant et al. (1980) that the muscular tissue 
attached to a long bone generally keeps the same relative position on that 
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bone by being carried along with the expanding periosteum. 
The fact that the position ratio Q of several markers in area В decreased 
during growth, is probably due to a relative forward rotation of the ramus, 
causing a changing point of intersection of the trajectory of the marker, and 
the caudal ramus border. The fact that the direction of the trajectories is 
changing during growth through dominance of growth in a certain direction 
has been mentioned previously by Isorupa (1972). 
The three markers in one rabbit, which were placed in area A close to 
the condylar cartilage, in the rostral part of the condylar neck, showed a 
decreasing position ratio Q, probably due to the fact that they were located 
within the ligamentous attachments of the articular disc. Comparable findings 
have been mentioned by Grant et al. (1980) in long bones. They found that 
muscles attached very close to the epiphyseal plate did not maintain their 
relative position on the bone, but stayed at the same absolute distance from 
the epiphyseal cartilage. 
From the periosteal migration pattern, as well as from the pattern of the 
superficial bony spicules, it can be concluded that a directional influence of 
the periosteum on mandibular growth might exist. The fact that the periosteal 
markers kept a constant relative position on the bone supports the hypothesis 
that the mandibular periosteum acts as an expanding elastic sleeve. As a 
result, there is a gradient in the absolute amount of periosteal migration. 
More research is needed to answer the question of whether the periosteum 
expands by stretching or by interstitial growth. 
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Mitotic activity and collagen synthesis 
6.1 Summary 
Mitotic activity and collagen synthesis in the periosteum over the ramus of 
the growing mandible were investigated in rabbits of twelve different ages in 
three central ramal areas and four areas near the mandibular border at the 
lateral ramal surface. 3H-thymidine and 3H-proline incorporation in the 
fibrous and cellular periosteal layers were determined quantitatively by means 
of autoradiography. The findings within the cellular and fibrous periosteal 
layer of the central ramal areas appeared to be similar, while at the peripheral 
areas most activity was found in the cellular layer. It could be concluded that 
the amount of growth of the periosteum was probably the same in all areas 
studied, while periosteal stretching seemed more apparent in the peripheral 




The periosteum and the condylar cartilage play an important role in the 
growth of the mandible. Probably, their functions are interrelated since 
periosteal manipulation influences condylar growth (Koski and Rönning, 
1982, 1983; Koski et al., 1985; Hinton, 1987). This might be comparable to 
the situation in long bones (Crilly, 1972; Harkness and Trotter, 1978; Lynch 
and Taylor, 1987; Dimitriou et al., 1988; Kuijpers-Jagtman et al, 1988). 
Dissection of the periosteum around the shaft of a long bone results in an 
increased epiphyseal growth, which is considered to be the result of a 
decrease in periosteal tension and a subsequent unloading of the epiphyseal 
plates. The fact that the fibres of the fibrous periosteal layer show a specific 
longitudinal orientation (Sebek et al., 1972; Theunissen, 1973; Tonna, 1974), 
and that they are inserted above the epiphyseal plates, supports this 
hypothesis. 
Also in the periosteum of the mandibular ramus, the major fibre 
orientation was found to be towards the condyle (Frankenhuis-van den Heuvel 
et al., 1991a). This orientation was reflected in the distinct orientation of 
superficial bony spiculae (Frankenhuis-van den Heuvel et al., 1992). 
Analogous to the findings of Theunissen (1973), Isotupa (1972) and Roskjaer 
(1977) concerning long bones and craniofacial bones respectively, a 
directional influence of the periosteum on mandibular growth seems likely. 
Also in other respects the mandibular periosteum behaves like that of 
long bones. The periosteum moves along the underlying bone during growth 
(Frankenhuis-van den Heuvel et al., 1992), in a pattern comparable to that in 
long bones (Theunissen, 1973; Kuijpers-Jagtman et al., 1988) and 
craniofacial bones (Roskjaer, 1977; Koskinen-Moffett et ai, 1981). During 
this process the periosteal sheath seems to act as an expanding elastic sleeve, 
as is demonstrated by the constant relative position of periosteum markers to 
the mandibular surface during growth, resulting in a gradient in the absolute 
amount of periosteal migration (Grant and Hawes, 1977; Grant, 1978; Grant 
et al., 1980, 1981; Frankenhuis-van den Heuvel et al., 1992). This might be 
realized by differential stretching and/or differential growth of the 
periosteum. Comparable explanations were suggested by Warwick and Wiles 
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(1934), Theunissen (1973), and Kuijpers-Jagtman et al. (1988) in long bones. 
In order to get more insight in the way the periosteum expands over the 
bony surface of the growing mandibular ramus and in the relative 
contributions of growth and stretching in this process, the amount of collagen 
synthesis and the mitotic activity in the periosteum were studied in more 
detail, using autoradiography. 
6.3 Materials and methods 
For this study 12 groups of four female New Zealand White rabbits were 
used, aged 0, 1,2, 3, 4, 5, 6, 7, 12, 13, 30, and 31 weeks. The animals 
were obtained from a commercial rabbit farm, they originated from different 
litters, and they were kept under normal laboratory conditions 
The animals were sedated with HypnormR (10 mg fluanison and 0.2 mg 
fentanyl citrate per mL) l.m. and then injected with a radioactive isotope, as 
follows: in each group two animals were injected with methyl-3H-thymidine 
(Amersham, Aylesbury, U.K.) l.v , 1 mCi/kg (specific activity 5 Ci/mmol). 
The survival time after the 3H-thymidine injection was six hours. The other 
two animals in each group received an injection of L-3H-proline (Amersham, 
Aylesbury, U.K.) i.V., 1 mCi/kg (specific activity 15-40 Ci/mmol). Their 
survival time was two hours. Five minutes before sacrifice, the animals were 
sedated with HypnormR i.m. and injected l.v. with Heparin (1 mL/kg; 1 mL 
= 5000 I.U.). They were killed by a lethal dose of Pentobarbitone sodium. 
Then the animals were perfused using physiological saline, followed by 4% 
neutral formaldehyde solution (pH 6.9) at room temperature. Then the heads 
were dissected and postfixed in formaldehyde solution for several days, and 
smaller blocks were obtained from the mandibular ramus and condyle. After 
decalcification in 20% formic acid and 5% sodium citrate, the tissues were 
dehydrated and embedded in ParaplastR, and 7 д т frontal sections were 
obtained. Autoradiographs were prepared using K2 nuclear emulsion (Ilford 
Ltd., Basildon, Essex, U.K.). The sections were faintly stained with 
Haematoxylin-Eosin for histologic examination. The labelling was 
quantitatively determined. Based on previous results (Frankenhuis-van den 
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Heuvel et al., 1991b, 1992), measurements were performed on the lateral 
mandibular side in three central ramal areas, all situated within the 
attachment area of the masseter muscle (areas 1,2, and 3, Fig. 6-1), and in 
four peripheral areas along the dorsal and caudal border of the ramus (areas 
Figure 6-1: Lateral aspect oj rabbit mandible, showing the measurement areas 
1-7. Dotted line indicates the attachment area of the masseter muscle. 
The seven measurement areas could be chosen accurately from serial 
histological sections. In each animal the labelling was counted in two sections 
per area. In each area the labelling within the two separate periosteal layers 
was counted over a distance of 420 μπι by counting the grains in case of 
3H-proline labelling or by counting labelled nuclei in case of 3H-thymidine 
labelling. In the latter, a nucleus was considered to be labelled if it was 
covered by at least five grains. The periosteum was divided into a fibrous and 
a cellular layer and the width of these layers was determined as described 
118 
Mitotic activity and collagen synthesis 
previously (Frankenhuis-van den Heuvel et al., 1991b). From these 
measurements the amount of label per square unit was determined. 
6.4 Results 
In general, the results in the three central ramal areas 1, 2, and 3, were 
similar and therefore they were taken together, and so were the 
measurements in the peripheral areas 4, 5, 6, and 7 along the dorsal and 
caudal ramal border. The results of the thymidine labelling are given in 
Table 6-1. 
Table 6-1: Thymidine labelled cells in the mandibular periosteum; number of 
labelled cells per square unit of the fibrous layer and of the cellular 
layer in the areas as indicated in Figure 6-1. Mean and SEM of the 
central areas (I, 2, and 3) and mean and SEM of the peripheral areas 
(4, 5, 6, and 7) are presented. 
Thymidine (labelled cells/square unit) 
















0.71 ± 0.14 
0.53 ± 0.15 
0.23 ± 0.07 
0.31 ± 0.09 
0.54 ± 0.15 
0.84 ± 0.28 
0.55 ±0.19 
0.41 ± 0.10 
0.05 ± 0.05 
0.12 ±0.08 
0.00 ± 0.00 
0.04 ± 0.04 
cellular 
0.70 ± 0.11 
0.60 ± 0.09 
0.23 ± 0.06 
0.40 ± 0.07 
0.69 ± 0.16 
0.69 ± 0.14 
0.45 ± 0.09 
0.42 ± 0.12 
0.21 ± 0.10 
0.05 ± 0.03 
0.18 ± 0.10 




0.31 ± 0.07 
0.30 ± 0.09 
0.09 ± 0.02 
0.24 ± 0.03 
0.16 ±0.06 
0.13 ±0.05 
0.02 ± 0.01 
0.05 ± 0.02 
0.00 ± 0.00 
0.01 ±0.01 
cellular 
0.90 ± 0.14 
1.25 ± 0.18 




1.41 ± 0.18 
0.72 ±0.14 
0.58 ±0.14 
0.36 ± 0.08 
0.14 ± 0.01 
0.37 ± 0.14 
In the central areas the cellular and fibrous layer both followed about the 
same pattern and between the layers no substantial differences were found. 
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Both layers showed a decrease in the number of thymidine labelled cells per 
square unit of the periosteum between time of birth and two weeks of age. 
This was followed by a higher number of labelled cells at the age of three to 
five weeks. After that, the labelling decreased until the age of 31 weeks. 
In the peripheral areas most of the thymidine labelled cells were found in 
the cellular layer. High values were found in this layer from one to six weeks 
of age. Thereafter a decrease was found until 31 weeks of age. Thymidine 
labelling in the fibrous layer decreased gradually after birth. The results of 
the proline labelling are given in Table 6-2. 
Table 6-2: Proline labelling in the mandibular periosteum; number of grains per 
square unit of the fibrous layer and of the cellular layer, in the areas 
as indicated in Figure 6-1. Mean and SEM of the central areas (I, 2, 
and 3) and mean and SEM of the peripheral areas (4, 5, 6, and 7) are 
presented. 
Proline (grains/square unii) 
















34.17 ± 2.99 
35.00 ± 2.67 
27.17 ± 3.36 
27.92 + 1.71 
21.92 ± 2.25 
27.50 ± 2.72 
19.16 ± 2.06 
21.50 ± 2.74 
39.42 ± 2.98 
42.83 ± 5.86 
1.58 ±0.72 
3.50 ± 1.25 
cellular 
26.08 ± 2.18 
34.83 + 1.95 
26.83 ± 2.88 
40.83 ± 3.59 
18.08 ± 2.81 
28.33 ± 2.45 
22.25 ± 2.33 
20.42 ± 1.86 
42.58 ± 3.54 
58.50 ± 5.35 
8.92 ± 3.14 
6.17 ± 1.93 
fibrous 
34.00 ± 4.01 
29.00 ± 3.48 
25.06 ±3.13 
25.87 ± 2.22 
16.14 ± 1.72 
29.93 ± 3.35 
14.38 ± 1.36 
13.00 + 1.39 
17.69 ± 1.43 
23.81 ± 1.95 
2.00 ± 0.74 
2.63 ± 0.08 
cellular 
36.60 ± 3.85 
42.07 ± 2.73 
45.31 ± 4.56 
48.62 ± 1.84 
38.25 ± 3.99 
42.88 ± 3.54 
22.56 ± 2.26 
29.75 ±3.11 
44.81 ± 3.09 
66.06 ± 4.77 
7.25 ±1.14 
12.31 ± 3.62 
In the central ramal areas the values found in the cellular layer were about 
the same as those in the fibrous periosteal layer. The values decreased from 
about two weeks of age until the age of seven weeks. The values at the ages 
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of 12 and 13 weeks again were considerably higher. After this a decrease was 
found until 31 weeks of age. 
In the peripheral areas there was a different situation. Differences 
existed between the cellular and fibrous layer. The cellular layer showed high 
values from time of birth to the age of three to five weeks. Then a decrease 
was found at six weeks and the labelling index was higher again at 12 weeks 
of age. This was followed by a decrease until the age of 31 weeks. In the 
fibrous layer an almost continuous decrease in proline labelling from time of 
birth to young adulthood could be demonstrated; at the age of 12 and 13 
weeks the values were only slightly higher. The values for the whole 
periosteum were, as in the thymidine results, mainly determined by the 
cellular layer. 
6.5 Discussion 
In the central ramal areas the amount of mitoses in the fibrous and the 
cellular layers was about the same during growth, suggesting that both layers 
have an equal share in the process. In these areas the bony surface was 
mainly resorptive (Frankenhuis-van den Heuvel et ai, 1991a), so mitoses in 
the cellular layer would mainly contribute to the maintenance of the 
periosteum itself as no osteoblasts became incorpo rated in the bone matrix. 
From measurements on the periosteal width (Frankenhuis-van den Heuvel et 
ai, 1991b) the cellular layer appeared to increase up to the age of six weeks, 
later on followed by a decrease, while the fibrous layer remained constant. 
Therefore, it seems that in the cellular layers of the central ramal areas up to 
six weeks the number of mitoses outnumbers the amount necessary for the 
maintenance of the periosteal width during stretching of the periosteal sheath. 
In the peripheral areas the number of mitoses in the cellular layer was much 
higher than in the fibrous layer and hence the relative contribution of the 
fibrous layer to periosteal growth seemed to be smaller. However, in part of 
the peripheral areas the bony surface is depository (Frankenhuis-van den 
Heuvel et al., 1991a). This leads to a loss of osteogenic cells by 
incorporation into the bone, and thus to an overestimation of the contribution 
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of the cellular layer to growth of the periosteum. Another complicating factor 
might be that also at later ages, the cellular layer of the periosteum is 
relatively thick in these areas (Frankenhuis-van den Heuvel et ai, 1991b). 
As the condylar cartilage in the rabbit covers less and less of the top of 
the ramus during growth, gradually less areas are located directly near the 
condylar growth cartilage, and more areas become located at sites with just 
periosteal bone deposition. From experiments in which periosteal movements 
over the mandibular surface were examined (Frankenhuis-van den Heuvel et 
ai, 1992) the component toward the condyle was most apparent. Also the 
condylar joint appears to move relatively forward during growth. The 
concommittant bone resorption (Frankenhuis-van den Heuvel et ai, 1991a), 
might be responsible for the increased values in mitotic numbers in the areas 
in that region, as mitotic activity within the periosteum is not needed for bone 
growth and all cells remain in the periosteum itself. Nevertheless, the high 
mitotic activity suggests that contribution of cell proliferation to growth of the 
periosteum is more prominent in the peripheral than in the central areas. The 
mitotic activity in the fibrous layer of the peripheral areas in general was 
lower than in the central areas. 
Collagen synthesis, as indicated by the proline incorporation, in the 
cellular and fibrous periosteal layers did not differ much in the central ramal 
areas, suggesting that both layers play an equal role in periosteal growth in 
these regions. In the peripheral areas, however, the cellular layer was more 
important than the fibrous layer. This could be due to the stronger need for 
depository material especially in (dorso)caudal areas, the increased thickness 
of the layer at a later age, (Frankenhuis-van den Heuvel et al., 1991b), and 
the displacements of the periosteum (Frankenhuis-van den Heuvel et al., 
1992). Collagen synthesis in the fibrous layer of the central ramal and 
peripheral areas was similar in the young animals, but at the age of 12 and 13 
weeks it appeared to be lower in the peripheral areas. In the cellular layer the 
collagen synthesis in the peripheral areas was generally slightly higher than in 
the central areas. 
Measurements on dry skull mandibles from animals aged one to 32 weeks 
showed the largest growth increments for the length and the height of the 
mandible between one and six weeks of age, with a peak at about the age of 
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four weeks. The mandibular growth remains rather fast until the age of about 
ten weeks, and thereafter it slows down (unpublished data). The specific 
changes at the age of four to six weeks, reflected in the increase of mitotic 
activity within the periosteum, which is most obvious in the areas underneath 
the masseter muscle, could be explained by the fact that from that time on the 
animals started to eat more solid food and that they were weaned at the age 
of six weeks. This might cause changes in muscular activities and the 
mechanical conditions in the condyle, in such a way that the contribution of 
the condyle to mandibular growth increases. This is in agreement with the 
relatively strong mandibular growth in the condylar direction at the age of 
four to six weeks found in our previous studies (Frankenhuis-van den Heuvel 
et al., 1992). Campos and Cruz (1985) found several changes in rat condylar 
morphology during growth. They studied animals from time of birth up to the 
age of 120 days. The changes in condylar morphology in the first month of 
life were interpreted as functional adaptations to changes in the feeding habits 
of the animals. Also Copray and Liem (1989) found a direct relationship 
between local functional loading and the ultrastructural characteristics of the 
condyle during the weaning period of rats, while Mizuno et al. (1992) 
mentioned effects on the fibrous zone of weanling rats mandibular condyles. 
Effects of feeding behaviour on the mandibular and condylar development 
have also been demonstrated in animals fed hard and soft diets after weaning. 
Smaller condyles and thinner condylar cartilage layers were mentioned by 
Barber et al. (1963), Bouvier and Hylander (1984), Bouvier (1988) and 
Yamada and Kimmel (1991) in rats and by Kuroe and Ito (1990) in mice, fed 
a soft diet. Total ramal height changed also (McFadden et al., 1986; Ito et 
al., 1988; Yamada and Kimmel, 1991; Kimura et ai, 1991). Whether these 
effects are due to different functional loads on molar teeth and associated 
muscular activity (Watt and Williams, 1951; Maeda et al, 1987; Kiliaridis et 
ai, 1988; Kiliaridis and Shyu, 1988) or to changed reaction forces during 
gnawing (Hinton and Carlson, 1986; Hinton, 1988), is not clear. It seems 
likely, however, that differences in bony structures, due to a different diet, 
also imply a different periosteal texture. 
The decreasing collagen synthesis per square unit, as was found for the 
period of strong mandibular growth up to the age of about six to seven 
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weeks, might be an indication for an increased stretching of the periosteum 
during mandibular growth. When a constant total proline incorporation is 
assumed, stretching will cause a decrease in proline incorporation per square 
unit. When after that period condylar growth and periosteal cell division 
decrease, and by that also the stretching of the periosteum, and in the 
meanwhile collagen synthesis remains constant, a catch-up of proline values 
will be found until they have reached again a high value at the age of 13 
weeks. This means that the periosteum becomes more fibrous during the 
period between six and 12 weeks, which is in agreement with the increase in 
size and number of collagenous fibres during aging, as was found previously 
by Chong et al. (1982) and Frankenhuis-van den Heuvel et al. (1991a). 
The periosteal behaviour is not uniform along the ramus. The mitotic 
activity in the fibrous layer of the peripheral areas was very low. This, in 
combination with a low collagen synthesis, might indicate that in these areas 
relatively more periosteal stretching occurs. This was also the area where 
most of the periosteal migration takes place (Frankenhuis-van den Heuvel et 
al., 1992). The low mitotic activity seems to be in contrast with the results of 
Theunissen (1973), who mentioned that the mitotic-index in fibroblasts of the 
fibrous periosteal layer of long bones was highest near the epiphyseal plates. 
The number of mitoses in the total periosteum was higher near the 
mandibular border, while the collagen synthesis was more evenly distributed 
among all regions. The periosteal displacement is faster near the mandibular 
border (Frankenhuis-van den Heuvel et al., 1992). So there are two 
possibilities. Theoretically, periosteal displacement might be related more to 
mitoses than to proline incorporation, but the amount of mitoses in the 
fibrous layer appears to be insufficient. It seems more probable that mitoses 
and collagen synthesis may have the same relative share in the growth of the 
periosteum. The differences found between central and peripheral areas 
indicate more periosteal stretching near the mandibular border. The higher 
mitotic activity in the cellular periosteal layer in the peripheral areas would 
then mainly be a reflection of bone deposition. 
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Mandibular growth takes place by a variety of growth activities in different 
mandibular regions. The mandibular condyle is the main growth site. 
Furthermore periosteal bone deposition is important, but also bone resorption 
plays a crucial role in normal mandibular development. These processes can 
be influenced by many local and systemic factors. 
In the present study, emphasis has been laid on a better understanding of 
the role of the periosteum in regulating growth of the mandibular condyle. In 
order to get more insight into the complex way of interaction between the 
different growth entities, it is important to have a thorough knowledge of the 
structures which may be involved, i.e. bone, muscle attachments, the 
mandibular joint, blood supply and periosteum. 
This discussion will be focused firstly on these structural entities, and 
secondly on the translation of biomechanical influences on these structures 
into cellular responses. 
7.2 Bone 
Rasmussen et al. (1975) related the microscopic structure of the bony surface 
proper to the physiological state of the bone. They stated that a smooth bony 
appearance indicates a depository area, while a rough bony surface indicates 
a resorptive area. Our results, however, showed that on the macroscopical as 
well as on the microscopical level a smooth bony appearance can indicate an 
area with slow bone deposition as well as a resting area, while a rough bony 
surface can be the result of very fast bone deposition, as well as of resorptive 
activities. This means that neither macroscopic, nor microscopic appearance 
of the bony surface per se, gives sufficient information to determine the 
functional state of the bone and the periosteum. 
Theunissen (1973) introduced a model for growing long bones, in which 
the shape of the bone determines the functional state of the periosteum and its 
subsequent behaviour. As a result of longitudinal growth, the periosteum 
covering the concave diaphysis would have a tendency to be lifted from the 
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bony surface, thus inducing bone deposition. On the other hand, at the 
metaphyseal area, the periosteum would be pressed against the bony surface, 
resulting in bone resorption. This model, however, cannot easily be applied 
to the mandible. The concave bony shape at the medial condylar neck for 
example, represents a resorptive area, while the dorsocaudal part of the 
condylar neck on the lateral side was depository, although it had a convex 
shape. Therefore, a more complicated mechanical situation has to be 
supposed in the condylar neck area, than in long bones. This might be related 
to the different distribution of elastic fibres in that area. 
Finally, the physiological state of the bony surfaces seems to be 
independent of the presence of muscle attachments, and there is no relation 
between the type of muscle attachment or periosteal attachment, and 
periosteal activity underneath these structures (Frankenhuis-van den Heuvel et 
al., 1991a). 
7.3 Muscle attachments 
Muscle attachments can be divided into two types of real muscle attachments, 
and tendinous attachments. In the first type of real muscle attachments 
(= loose attachments) the endomysial fibres of the muscle were connected to 
the fibrous periosteal layer. These attachments were direct endomysially, in 
case the endomysial fibres traversed the periosteum, or indirect endomysially, 
in case the endomysial fibres ended in the fibrous layer. The second type of 
real muscle attachments (= firm attachments) generally were found in areas 
where the perimysial sheet of the attached muscle was connected to the 
fibrous periosteal layer. The periosteum was generally loosely connected to 
the bony surface in areas where no muscles were attached. The tendinous 
attachments were well identifiable in restricted areas both in macroscopic and 
histologic studies (Chapter 2 and Frankenhuis-van den Heuvel et al., 1991a). 
Irrespective of the anatomical arrangement, there will always be a 
mechanical effect of muscle contractions on the periosteum. As can be 
concluded from experiments where muscle denervation was performed 
(Dysart et al., 1989), also periosteal tension and, consequently, bone growth 
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and form will be affected. Mechanical loading of endomysial attachments will 
most probably evoke other effects than loading of perimysial attachments and 
surely other effects than tendinous attachments. As tendinous fibres are 
attached tightly to the bone rather than to the periosteum, their contribution to 
periosteal tension is not very likely. They may, however, exert an influence 
on the osteoblasts and osteocytes in their attachment area. 
The lateral pterygoid muscle is probably the most important masticatory 
muscle for condylar growth regulation, as it is located nearest to the condyle, 
and it has a force component which could exert a compressive influence on 
the condylar area via the periosteum. At the same time, the lateral pterygoid 
muscle can provoke a relaxation within the joint space. Both actions may 
result in an ever-changing mechanical environment for the condylar cartilage. 
This changing of mechanical circumstances might be comparable to the 
intermittent compressive forces which seem to be essential for organ cultures 
of the condylar cartilage (Klein-Nulend et al., 1986, 1987). Absence of such 
fluctuation of mechanical or functional forces in organ cultures or after 
condylar transplantation allows cell proliferation, but restricts differentiation 
(Duterloo, 1967; Meikle, 1973; Copray et al., 1983). In condylotomized cats 
with the condyle left in situ an increase in condylar growth could be 
demonstrated after pulsating electrical stimulation (Haas, 1995). 
The tendinous muscle attachment of the lateral pterygoid muscle 
develops during aging (Frankenhuis-van den Heuvel et al., 1991b), which 
may result in a decrease of its mechanical influence on the condylar cartilage. 
Whether this diminishing mechanical influence is directly related to the 
decreasing condylar growth has to be studied further. From previous studies, 
in which sectioning of the lateral pterygoid muscle or other masticatory 
muscles was performed, it was concluded that these muscles influence the 
condylar activity, but iatrogenic effects may be more important than muscle 
sectioning. 
Also the temporal and masseter muscles might have a certain influence 
on the condyle, considering their close relation to the condyle, especially in 
the younger animals, and the fact that some fibres of the discal ligaments 
were loosely connected to the perimysium of these muscles. Condylar 
cartilage in organ culture could be maintained by electrical stimulation of the 
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masseter muscle (Pirttiniemi and Kantomaa, 1996). 
During aging, the elastin fibres remain in the periosteum, and also in the 
tendinous attachment area of the lateral pterygoid muscle. The short elastin 
fibres perpendicular to the bony surface, in the fibrous periosteal layer 
underneath the muscular attachment area, also remain. The function of these 
fibres, especially the short perpendicular ones, could be several. Firstly, they 
could play a role in preventing the periosteal sheath from being lifted from 
the bony surface by muscle pulling. Secondly, they may play a role in 
transporting the attached muscles along the bony surface during growth, as 
Theunissen (1973) already suggested for the longitudinally oriented elastin 
fibres. Thirdly, the fact that the perpendicular fibres are merely distributed 
along the outer periosteal layer indicates that muscular influences are mainly 
attributed to the fibrous periosteal layer, leaving the cellular layer 
undisturbed. This could implicate that the cellular layer of the periosteal 
sheath moves and reacts in response to the behaviour of the fibrous layer, but 
at the same time is protected from direct muscular influences. This protective 
function of the fibrous layer has been suggested previously by others, stating 
that the capillaries in the periosteum would even form an intermediate, 
protective zone between the cellular and fibrous layer (Eilender et al., 1988). 
We could not confirm the existence of a third, middle layer as such. A 
protective role of the capillaries, however, may just as well exist. 
7.4 Morphology of the mandibular joint 
The morphology of the joint itself could play a role in mandibular growth 
regulation, as may be concluded from the results of Petrovic (1972), and 
Stutzmann and Petrovic (1974). Troiano (1967) already suggested a muscular 
influence on the condyle via the disc. This seems not very likely, because 
clear direct connections between muscle and disc were absent (Frankenhuis-
van den Heuvel et al., 1991a, 1991b). Also an indirect muscular influence 
from the lateral pterygoid muscle through the attachment of muscle fibres to 
the rostral part of the joint capsule is not very likely, as our results showed 
that this attachment only consists of loose connective tissue and elastin fibres, 
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lacking a clear orientation. Furthermore, the rostral part of the joint capsule 
was connected to the perimysial sheaths of the lateral pterygoid and the 
temporal muscle, rather than with endomysial or muscular fibres. The same 
holds true for the fibres of the lateral joint capsule and the masseter muscle. 
The elastin fibres in this area probably only play a passive role in 
maintaining the relative position of the disc during jaw movements. This 
seems to be in agreement with the results of Savalle et al. (1990), who found 
in rabbits tight connections between the skull and disc, but flexible ones 
between the disc and mandibular condyle. 
There are a few ways left, in which the disc could exert influence on the 
condylar cartilage, namely either by direct compressive forces as a result of 
muscular activity during chewing, gnawing, and mouth opening, or indirectly 
via the periosteal sheath. 
The most rigid connection of the disc to the condylar head was found 
dorsocaudally by clear collagenous fibres, which is in agreement with the 
findings of Savalle et al. (1990). These connections, as well as the fibres at 
the dorsal ramal areas, which are oriented toward the condyle, became even 
more prominent in adult rabbits, while the fibres running in a perpendicular 
rostrocaudal direction, became less apparent at the same time. The situation 
for the elastin fibres on the dorsal ramal areas was the opposite. The elastin 
fibres running rostrocaudally became more prominent than the ones directed 
toward the condyle in adult rabbits. This could indicate that the collagenous 
fibres are more important in the decrease of condylar growth during aging. 
The periosteal measurements in our study show that the width of the 
fibrous layer did not increase with age in the rostral condylar neck areas 
ventrally to the articulating surface of the actual joint. It did increase, 
however, in the areas more caudally on the condylar neck, situated ventral to 
the remaining part of the growth cartilage. Probably this is mainly the region 




7.5 Blood supply 
A spatial connection exists between the vasculature of muscles and the 
adjacent cortical bone (Moss and Moss-Salentijn, 1978; Biggerstaff, 1985). 
Like in long bones, the different parts of the periosteum and mandible receive 
their blood supply through vessels from surrounding muscles as has been 
found in different species by Zucman (1960), Huelke and Castelli (1965), 
Bugge (1968, 1969), Bell and Kennedy (1976), Moss and Moss-Salentijn 
(1978), Mamiya et al. (1984), and Biggerstaff (1985). Stresses imposed on 
the bone by the attached muscles, or lack of it, caused by denervation of the 
muscles, could influence the bony structure. Muscle contractions may lead to 
occlusion or compression of the blood vessels and a restriction of the blood 
flow in the capillaries. This effect may especially occur at places where the 
periosteum is thin and cortical capillaries and muscle vessels continue 
directly. According to Moss and Moss-Salentijn (1978) such changes in 
periosteal vasculature could influence the remodelling activity at the bony 
surface. 
The blood supply in the condylar area is provided by vessels in the 
menisco-temporal frenum and discal ligaments, but also for a considerable 
amount by the lateral pterygoid muscle. It is assumed that the blood supply of 
the condylar region as well as the periosteal activity in that area was changed 
in many experiments, in which periostomy around the condylar neck or upper 
part of the mandibular ramus was performed, and in which also the lateral 
pterygoid muscle was involved. This means that the results of those 
experiments could be attributed mainly to iatrogenic effects, instead of the 
influence on periosteal tension, as is claimed usually. 
For other mandibular regions like the coronoid and angular region, the 
same effect will be found when the medial pterygoid muscle, temporal 
muscle, masseter muscle, or the underlying periosteum are affected. 
Normal blood supply seems necessary for maintaining periosteal 
integrity, and thus for condylar growth. 
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7.6 Periosteal sheath 
The present study indicates that the periosteal sheath acts as an expanding 
elastic sleeve during mandibular growth (Frankenhuis-van den Heuvel et al., 
1992; Van den Heuvel et al., submitted). And thus, a so-called neutral point 
is present (Frankenhuis-van den Heuvel et al., 1992), as has also been 
mentioned in long bones by Theunissen (1973) and in facial bones by 
Roskjaer (1977). We found this neutral point to remain more or less at the 
same relative position on the mandibular surface during aging. This seems 
not in agreement with Theunissen (1973) and Roskjaer (1977), who stated 
that the neutral point shifted in relation to the bone markers as the growth 
activity of the different growth sites changed. 
The direction of the bony grooves and spicules on the bony cortical 
surface reflected the direction in which the mandibular periosteum moves 
along the bony surface (Frankenhuis-van den Heuvel et al., 1992). 
The periosteum seems to be the closest local controller for the condylar 
proliferative activity, while muscles and other attached structures most likely 
contribute indirectly via the periosteum, which is in agreement with Petrovic 
et al. (1982) and Koski et al. (1985). This means that the periosteum would 
act as a mediator for other local influences such as the attached muscles, as is 
concluded for long bones by De Jonge (1981) and Kuijpers-Jagtman et al. 
(1988). 
An indirect muscular influence on the condyle, mediated by the 
periosteum, is supported by the finding that the periosteum probably behaves 
independent of the working lines of the muscles. 
Periosteal influence on mandibular growth by means of tension at the 
growth sites, is only possible with a periosteal structure which is comparable 
to that in long bones (Frankenhuis-van den Heuvel et al., 1991b). The 
present study showed indeed a periosteal structure which allows local effects 
underneath the lateral pterygoid muscle. This might spread into the condylar 
region on the medial side of the condylar neck (Frankenhuis-van den Heuvel 
et al., 1991b). An influence on the condylar cartilage by muscular traction 
would mainly be mediated by the collagenous fibres of the periosteum, as is 
the case in long bones. This is likely so, as the fibrous periosteal layer of the 
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mandibular ramus in different age groups, continues over the articular surface 
as a compact layer of collagenous fibres with only rostrocaudally orientated 
elastin fibres (Frankenhuis-van den Heuvel et al, 1991b). By the time, 
however, the tendinous attachment of the lateral pterygoid muscle becomes 
more developed, the influence of the collagenous fibres probably diminishes 
gradually. The elastin fibres of the ramal periosteum did not continue into the 
articular layer, and therefore it is unlikely that they cause periosteal tension. 
However, they did continue underneath the tendinous muscular attachment, 
even at later ages. This leaves the possibility that the elastin fibres might be 
of greater importance for an indirect maintaining or creating of a periosteal 
mechanical influence on the condylar surface then usually has been assumed. 
The elastin fibres are probably important in terms of expansion of the 
periosteum as a reaction to tension applied to the growth sites. 
According to Parks (1979), the thin periosteum of the mandible, lacking 
the quantity collagenous and reticular fibres found in the thicker periosteum 
of long bones and also showing a scarcity of elastic fibres near the joint, may 
be unable to transmit restrictive forces to the condylar growth cartilage. 
However, as we have shown a clear increase of the fibrous layer in the 
lateral dorsocaudal ramai area during growth, the results of Parks may be 
only true for juvenile animals. The findings of Parks in fact support the 
functional matrix theory of Moss and the statement of McLain and Vig 
(1983), that periosteal influences are modified by functional demands, such as 
the position of the mandible. This is supported by experiments of Kantomaa 
(1984), who artificially provoked an increased posterior displacement of the 
glenoid fossa in young rabbits, and in experiments of Pirttiniemi et al. 
(1993). Kantomaa (1984) concluded that tissues which connect the mandible 
to the neighbouring structures, are more important in determining the sagittal 
intermaxillary relationship than condylar growth, which is adaptive in nature. 
This is comparable to the results of experiments in which a hyperpropulsor 
was applied (Petrovic, 1972, 1985; Petrovic et al, 1982; McNamara et al, 
1982). 
In our opinion the conclusion should be that the periosteal envelope 
surrounding the rabbit mandible appears to function as a biomechanical 




Further experiments in young animals, in which periostomy is performed 
dorsal to the lateral pterygoid muscle, might give additional information. Also 
periostomy dorsal to the attachment of the masseter muscle on the lateral side 
should be performed in order to conclude whether compressive or releasing 
forces are the most important for condylar growth in vivo. 
7.7 Growth factors 
Apart from the structural elements which were discussed above, many local 
and systemic biochemical factors have a regulatory function in bone 
development and remodelling. These growth factors are synthesized under the 
influence of physiological stimuli and are responsible for autocrine or 
paracrine regulation of cell expression in terms of cell proliferation, 
differentiation and the synthesis of for instance matrix components. They 
probably also play a key role in the translation of mechanical stimuli into 
cellular responses, and they may be of major importance in the regulation of 
bone growth in long bones and the mandible as they couple bone resorption 
and deposition (Marks and Popoff, 1988; Thesleff, 1992; Mundy, 1993). 
Changes in the form or integrity of periosteal or bone cells by mechanical 
stimuli are probably the basis for the remodelling activities. In vitro 
experiments have shown that intermittent compressive forces (ICF) which 
cause such cell deformations, stimulated mouse calvaría osteoblasts, while 
they inhibited osteoclast formation as well as migration (Klein-Nulend et al., 
1987, 1990, 1995a). Klein-Nulend and coworkers suggested that this was 
related to an increased TGF-ß release. The same process can take place when 
muscle activity affects the periosteal cells. Muscle contraction and relaxation 
may also lead to pressure changes in the bone. The osteocytes are thought to 
be mechanosensory cells (Burger et al., 1995). After being activated by fluid 
flows, they would transduce ICF into a biochemical reaction. Klein-Nulend et 
al. (1995b) agree with these results, and from their experiments it can be 
concluded that this reaction could be the release of PGE2. In contrast to the 
findings of Burger et al. (1995), both osteocytes and osteoblasts are 
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perceptive to the strains developed in these cells on compression and tension 
sides on the bone during physiological loading, according to Jones and 
Bingmann (1991). 
From experiments by others, in which nerve sectioning was performed 
in masticatory muscles, a decrease in bone remodelling was found, which 
supports the idea that actual function is necessary. Periosteal cells can be 
influenced directly through muscle activity, resulting in deformation or 
stretching of these cells. Also in areas where no muscular tissue is attached, 
the periosteal structure allows mechanical influence via periosteal integrity 
and periosteal behaviour during growth, or via indirect muscular influence. 
Whether such mechanical stimuli result in interstitial fluid flows, remains 
uncertain, but the mandibular periosteum is a rather thin structure in most 
areas, allowing the stimuli to be transferred beyond the periosteum into the 
bony canaliculi. 
Next to this influence of the interstitial tissue fluid, which results in 
mechanical forces and electromagnetic fields (Sandy et al., 1993; Roelofsen, 
1994), another possibility for periosteal activation could be a direct 
mechanical stretching stimulus which would also result in the formation of 
P C s . (Yeh and Rodan, 1984). The periosteal structure as has been found in 
the present study as well as the way surrounding tissues are attached to it, in 
our opinion may enable both above mentioned possibilities for influencing 
bone remodelling. 
7.8 Conclusions 
The periosteum has such a structure that it can mechanically influence 
condylar growth. During mandibular growth the periosteal sheath acts as an 
expanding elastic sleeve showing differential growth and stretching. The 
periosteal sheath appears to function both as a biomechanical regulator for 
mandibular growth and an adaptive mechanism, responding to mechanical 
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In Chapter 1 the background of the study is elucidated and an extensive 
literature review is given regarding bone growth, and especially on the 
growth of the mandible. The different regulation mechanisms for both 
condylar and mandibular growth are emphasised. In the present study the role 
of the mandibular periosteum in the growth of the mandibular bone and 
especially the condyle, has been investigated. The study was performed in 
rabbits, from birth to the age of 31 weeks. 
In Chapter 2 the normal macroscopical structures of the mandible, the 
attached tissues like the masticatory muscles and the periosteum, and their 
way of attachment, as well as the mandibular joint are described. For this 
purpose rabbits, aged six weeks and young adult rabbits were used. Fresh 
material, and dry skulls and mandibles were studied. The attachment areas of 
the masticatory muscles were determined. For the way the muscles and 
periosteum are attached, a subdivision was made in different types of 
attachments. There appeared to exist different ways of attachment underneath 
one muscle. The mean directions of the working lines of the masticatory 
muscles were determined. A clear connection between the disc and the 
mandible was present only at the dorsocaudal side of the condyle, while this 
appeared to exist only of rather loose tissue on the medial, rostral, and lateral 
sides. There was no clear connection between the disc and the masticatory 
muscles. In dry skulls the bony surface structure of the mandible was studied 
and areas with different bony surface aspects were recorded. There appeared 
to be no relation between the presence of muscular tissue and the surface 
aspect of the bone. The surface aspect of the bone varied underneath the 
attachment area of one muscle, but also on places where no muscles were 
attached. 
In Chapter 3 the structure of the mandibular periosteum and the 
attached tissues were studied histologically in rabbits aged six weeks and 30 
weeks. Within the periosteum an inner cellular (osteogenic) layer and an 
outer fibrous layer were discriminated. In the cellular layer different cell 
types were found and their activity was determined morphologically. Areas 
with bone deposition (osteoblasts), areas with bone resorption (osteoclasts), 
and so-called resting areas were distinguished. In both age groups the kind 
and the degree of periosteal activity appeared not to be related to the presence 
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of muscles, and in general there was a decrease in activity in the older 
animals compared to the young ones. The collagenous fibres were running 
rostrocaudally in the rostral part of the mandible; in the caudal mandibular 
half they were running in the direction of the mandibular angle, while they 
were oriented toward the mandibular joint in the upper mandibular ramus. A 
relation between the direction of the fibres and the muscles could not be 
demonstrated. The orientation of the elastin fibres was generally in agreement 
with those of the collagenous fibres. However, more fibres were found 
running parallel to the bony surface, but perpendicular to the collagenous 
fibres. Furthermore, small elastin fibres were found oriented perpendicular to 
the bony surface. They were mainly present within the attachment areas of 
the masticatory muscles. The way the masticatory muscles were attached to 
the periosteum and to the bone itself, was studied and qualified as direct or 
indirect endomysial, perimysial or tendinous. The tendons appeared to be 
more extended in the older animals. 
In Chapter 4 the influence of the ramal periosteum on the condylar area 
was studied. For this purpose rabbits of different ages were examined 
histologically. Measurements were performed on the periosteal width as well 
as on the osteogenic and fibrous layers separately. The mandibular joint also 
was studied histologically. The results were comparable with the macroscopic 
findings as described in Chapter 2; the discal ligaments contained both elastin 
and collagenous fibres. However, only the collagenous fibres continued in the 
mandibular periosteum and the disc. Near the condyle the periosteum was 
wider than in the areas situated more ventrally. The width of the osteogenic 
periosteal layer and that of the total periosteum in the different areas, showed 
a comparable pattern during growth. The results for the width of the fibrous 
layer were different as the values near the condyle increased during growth. 
In Chapter 5 the periosteal behaviour during mandibular growth has 
been described. For that purpose the orientation of the bony spicules was 
determined in rabbits perfused with India ink, and both bone markers and 
periosteum markers were implanted in animals, aged six weeks. Using 
standardized radiographs, the displacements of the periosteum markers along 
the mandibular bony surface during growth were determined. The bony 
spicules appeared to be arranged along the bony surface according to a 
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certain pattern. On the dorsal part of the ramus they were directed towards 
the condyle, while they were running rostrocaudally in the ventral part of the 
ramus. The periosteum markers in the rostral part of the ascending ramus 
moved towards the condyle. In the caudal ramai area they moved dorso-
caudally, and the markers on the ventral ramai area moved caudally and 
ventrocaudally. During their displacement, the periosteum markers kept their 
same relative position on the mandible. The displacements per week appeared 
to be significantly different for the different areas. From these results it was 
concluded that a directional influence of the periosteum on mandibular growth 
is possible. Furthermore, the hypothesis is supported that the periosteum 
behaves according to the "elastic sleeve"- model. 
In Chapter 6 the mitotic activity in the periosteum of rabbits of different 
ages was determined, using 3H-Thymidine, and collagen synthesis was 
determined with ^H-Proline. In three areas on the central part of the ramus, 
and in four peripheral areas situated near the condyle and the caudal ramal 
edge, autoradiography was used for the quantification of proline labelling and 
the number of labelled cells, per square unit of the periosteum. In the central 
ramal areas both periosteal layers showed similar results, while in the 
peripheral areas the cellular layer showed the largest activity. This probably 
indicates a uniform periosteal growth in the investigated areas, while in the 
peripheral areas more stretching occurs. These results give additional support 
to the hypothesis that the periosteum behaves according to the "elastic 
sleeve"- model. 
In Chapter 7 the results of the previous chapters are discussed and 
related to the literature. This leads to the conclusion that the periosteal 
structure and its physiological and spatial behaviour during growth strongly 
suggests that the periosteum influences the mandibular condylar growth both 







In Hoofdstuk 1 wordt een uitgebreid literatuuroverzicht gegeven over 
botgroei en in het bijzonder over de groei van de onderkaak. De nadruk ligt 
op de regulatiemechanismen die hierbij betrokken kunnen zijn. In dit 
onderzoek is gekeken naar de rol van het periosteum bij de groei van het 
mandibulare bot en het condylaire kraakbeen. Het onderzoek werd 
uitgevoerd bij konijnen vanaf de geboorte tot de leeftijd van 31 weken. 
In Hoofdstuk 2 wordt de macroscopische structuur van de onderkaak en 
het kaakgewricht beschreven. Hiervoor werden konijnen van zes weken oud 
en jong volwassen dieren gebruikt. De aanhechtingsplaatsen van de 
kauwspieren werden bepaald en er werden verschillende typen aanhechtingen 
van de spieren en het periosteum onderscheiden. Onder een bepaalde spier 
bleken verschillende manieren van aanhechting voor te kunnen komen. De 
gemiddelde richting van de werklijnen van de spieren werd vastgesteld. De 
verbinding tussen de discus en de onderkaak was alleen duidelijk aan de 
dorsocaudale zijde van de condylus. Aan de mediale, rostrale en laterale zijde 
was slechts een vrij losmazig weefsel aanwezig. Een duidelijke verbinding 
tussen de discus en de kauwspieren ontbrak. Op het botoppervlak van de 
mandíbula werden gebieden gekwalificeerd met uiteenlopende oppervlakte-
structuren. Er bleek geen verband te bestaan tussen de aanwezigheid van 
spierweefsel en het oppervlakte-aspect van het bot. Het oppervlak van het bot 
onder de aanhechtingsplaats van een spier vertoonde verschillende aspecten, 
evenals gebieden waar geen spieren waren aangehecht. 
In Hoofdstuk 3 werd de structuur van het mandibulaire periosteum en 
de aangehechte weefsels op histologisch niveau bestudeerd in konijnen van 
zes weken en van 30 weken oud. In het periosteum waren steeds een 
binnenste cellulaire (osteogene) laag en een buitenste vezellaag te zien. In de 
cellulaire laag werden verschillende celtypen onderscheiden en hun activiteit 
werd op morfologische gronden bepaald. Op deze manier konden gebieden 
met botdepositie (Osteoblasten) en met botresorptie (osteoclasten) worden 
onderscheiden, alsook zogeheten rustende gebieden. In beide leeftijdsgroepen 
bleek de soort en mate van periostale activiteit niet gebonden te zijn aan de 
aanwezigheid van spieren en er was in het algemeen een geringere activiteit 
in de oudere dieren dan in de jongere. De collagene vezels verliepen in het 
voorste deel van de mandíbula rostrocaudaal; in de achterste mandibulaire 
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helft verliepen ze in het ventrale deel meer in de richting van de onderste 
mandibulare hoek, en in het hoger gelegen ramus gebied hadden ze een 
oriëntatie in de richting van het kaakgewricht. Een nauw verband tussen 
vezelrichting en spieren kon niet worden aangetoond. De oriëntatie van de 
elastische vezels was veelal in overeenstemming met die van de collagene 
vezels, maar er werden meer vezels gevonden die weliswaar parallel aan het 
oppervlak liepen maar loodrecht op de collagene vezels. Bovendien waren er 
binnen het aanhechtingsgebied van de kauwspieren kleine elastische vezeltjes 
die loodrecht op het botoppervlak georiënteerd waren. Van de kauwspieren 
werd de manier van aanhechting aan het periosteum en aan het bot zelf nader 
bestudeerd en gekwalificeerd als direct of indirect endomyseaal, perimyseaal 
of via een pees. De pezen bleken bij de oudere dieren uitgebreider aanwezig 
te zijn dan bij de jongere. 
In Hoofdstuk 4 werd de invloed van het periosteum van de ramus op het 
condylaire gebied bestudeerd. Hiervoor werden konijnen van verschillende 
leeftijden histologisch onderzocht. Dikte-metingen werden uitgevoerd aan het 
periosteum als geheel en aan de osteogene en fibreuze laag afzonderlijk. Ook 
werd het kaakgewricht histologisch bestudeerd. De resultaten hiervan kwamen 
overeen met de macroscopische bevindingen zoals beschreven in 
Hoofdstuk 2. De ligamenten van de discus bestonden uit zowel elastische als 
collagene vezels. Echter, alleen de collagene vezels liepen door in zowel 
mandibulair periosteum als discus. Dichtbij de condylus was het periosteum 
dikker dan in de meer ventraal gelegen gebieden. De dikte van de osteogene 
periostale laag en die van het totale periosteum in de verschillende 
meetgebieden vertoonden ongeveer eenzelfde patroon tijdens de groei. De 
dikte van de fibreuze laag in de buurt van de condylus werd tijdens de groei 
steeds groter. 
In Hoofdstuk 5 is het gedrag van het periosteum tijdens de mandibulare 
groei beschreven. Daarvoor werd in met oostindische inkt geperfundeerde 
konijnen de oriëntatie van de botspiculi bepaald en werden botmarkers en 
periosteummarkers ingebracht in dieren van zes weken oud. Aan de hand van 
röntgenopnamen werden de verplaatsingen van de periosteummarkers over 
het botoppervlak tijdens de groei bepaald. De botspiculi bleken volgens een 
bepaald patroon over het botoppervlak gerangschikt te zijn. Op het dorsale 
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deel van de ramus waren ze naar de condylus gericht en in het ventrale deel 
van de ramus liepen ze rostrocaudaal. De periosteummarkers in het voorste 
deel van de opgaande ramus verplaatsten zich in de richting van de condylus. 
In het caudale ramus gebied verplaatsten zij zich dorsocaudaal en de markers 
uit het ventrale ramus gebied konden worden vervolgd naar caudaal of 
ventrocaudaal. Tijdens hun verplaatsing behielden de periosteummarkers 
dezelfde relatieve plaats op de mandíbula. De verplaatsingen per week bleken 
significant verschillend te zijn in de verschillende gebieden. Hieruit werd 
geconcludeerd dat een gerichte invloed van het periosteum op de 
mandibulare groei mogelijk is. Bovendien werd de hypothese gesteund dat 
het periosteum zich tijdens de mandibulaire groei gedraagt volgens het 
"elastische kous"- model. 
In Hoofdstuk 6 werd met 3H-Thymidine de mitotische activiteit in het 
periosteum van konijnen van diverse leeftijden bepaald, en de 
collageensynthese werd bepaald met 3H-Proline. In drie gebieden op het 
centrale deel van de ramus en in vier perifeer gelegen gebieden dichtbij de 
condylus en de caudale rand van de ramus werd de labeling gekwantificeerd 
door de hoeveelheid proline labeling en het aantal gelabelde cellen per 
oppervlakte eenheid van het periosteum te bepalen in autoradiogrammen. In 
de centrale ramus gebieden bleken de beide periostale lagen vergelijkbare 
resultaten op te leveren, terwijl perifeer de cellulaire laag de meeste activiteit 
vertoonde. Dit wijst waarschijnlijk op een gelijkvormige periostale groei in de 
onderzochte gebieden, terwijl in de perifere gebieden een grotere mate van 
rek optreedt. Deze resultaten geven een verdere ondersteuning voor de 
hypothese dat het periosteum voldoet aan het principe van het "elastische-
kous"-model. 
In Hoofdstuk 7 worden de resultaten uit de voorafgaande hoofdstukken 
bediscussieerd en in relatie gebracht met de literatuur. Dit leidt tot de 
conclusie dat de structuur van het periosteum en zijn fysiologisch en 
ruimtelijk gedrag gedurende de groei, sterke aanwijzingen geven voor een 
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